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Abstract
Here, we systematically review research on teaching knowledge in the context of undergraduate STEM education,
with particular attention to what this research reveals about knowledge that is important for evidence-based teaching. Evidence-based teaching can improve student outcomes in undergraduate STEM education. However, the
enactment of promising evidence-based teaching strategies depends greatly on the instructor and potentially on
the teaching knowledge they are able to deploy. The review includes an overview of prevalent teaching knowledge
theory, including pedagogical content knowledge, mathematical knowledge for teaching, and pedagogical knowledge. We compare and contrast teaching knowledge theory and terminology across STEM disciplines in order to
build bridges for researchers across disciplines. Our search for peer-reviewed investigations of teaching knowledge in
undergraduate science, engineering and mathematics yielded 45 papers. We examined the theoretical frameworks
used in each study and analyzed study approaches, comparing across disciplines. Importantly, we also synthesized
findings from research conducted in the context of evidence-based teaching. Overall, teaching knowledge research is
sparse and siloed by discipline, and we call for collaborative work and better bridge-building across STEM disciplines.
Though disciplinary divergences are common in discipline-based education research, the effect is magnified in this
research area because the theoretical frameworks are themselves siloed by discipline. Investigations of declarative
knowledge were common, and we call for increased attention to knowledge used in the practice of teaching. Finally,
there are not many studies examining teaching knowledge in the context of evidence-based teaching, but the
existing work suggests that components of pedagogical content knowledge, pedagogical knowledge, and content
knowledge influence the implementation of evidence-based teaching. We describe implications for future teaching
knowledge research. We also call on those who develop and test evidence-based strategies and curriculum to consider, from the beginning, the teaching knowledge needed for effective implementation.
Keywords: Pedagogical content knowledge, Mathematical knowledge for teaching, Pedagogical knowledge,
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Introduction
Evidence-based teaching can improve outcomes for all
students in undergraduate STEM (science, technology,
engineering, and mathematics) and can disproportionately benefit students from historically underrepresented
groups (e.g., Freeman et al., 2014; Laursen et al., 2014;
Theobald et al., 2020). As a result of this potential, there
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have been repeated, high-profile calls for substantial
reform in teaching practices in undergraduate STEM
(e.g., Holdren & Lander, 2012; Rosenberg et al., 2018).
While evidence-based strategies can be highly effective
at improving student outcomes, the results instructors
achieve vary substantially (Andrews et al., 2011; Johnson
et al., 2020; Laursen et al., 2014). Furthermore, education research contains many examples of how carefully
crafted teaching materials and strategies can fall short of
their potential to improve student learning when implemented (e.g., Cohen & Ball, 1990; Dancy et al., 2016;
Ganter, 2001). We define evidence-based teaching as the
use of teaching strategies that are supported by highquality evidence that they can positively impact students.
A broad definition is appropriate for this work because
different STEM disciplines prioritize different evidencebased strategies.
Achieving widespread adoption and effective use of
these teaching strategies demands attention to the role
of teaching knowledge (i.e., pedagogical content knowledge, mathematical knowledge for teaching, pedagogical knowledge) in evidence-based instruction. Extensive
evidence from K12 levels demonstrates that teaching
knowledge informs instructional practices (e.g., Keller et al., 2017; Park et al., 2010), and is associated with
positive student outcomes in STEM (e.g., Hill et al., 2005;
Kanter & Konstantopoulos, 2010; Sadler et al., 2013).
Additionally, research and theory focused on teaching
knowledge and practices among K12 teachers has been
central to shaping professional learning opportunities for
teachers (see, e.g., Fennema et al., 1993; Hill et al., 2005),
suggesting that careful consideration of key components
of knowledge can usefully inform teaching professional
development. Yet, despite what we know about the role of
teaching knowledge in effective teaching practice, numerous studies have found that instructors commonly adapt
evidence-based teaching strategies in ways that compromise their effectiveness (Chase et al., 2013; Daubenmire
et al., 2015; Turpen & Finkelstein, 2009), and scholars
have repeatedly suggested that lack of knowledge contributes to these unsuccessful adaptations (Dancy et al.,
2016). For example, Stains and Vickrey (2017) reviewed
literature about peer instruction and hypothesized that
instructors need knowledge of students’ prior knowledge
to develop effective questions. Similarly, Offerdahl et al.,
(2018) proposed that instructors need specific teaching
knowledge to design effective formative assessment and
to diagnose student learning of a particular topic.
Yet an assumption inherent in systems of higher education is that disciplinary expertise prepares faculty to
be effective undergraduate educators. This disconnect
between how we approach teaching in higher education
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and what has been learned about the importance of
specialized teaching knowledge among K12 teachers suggests there is much to be pursued, especially in
the context of calls for reform in undergraduate STEM
education. Our primary research question is: What is
known about teaching knowledge used in the context
of undergraduate STEM instruction? Analysis of the
body of research into teaching knowledge conducted in
undergraduate STEM contexts can aid researchers and
practitioners. Taking stock of what is currently known
can provide valuable insights into findings and theory.
In addition, doing so across multiple STEM disciplines
can enable us to leverage the limited number of such
studies in any single discipline to help undergraduate
STEM instructors to achieve the promise of evidencebased instruction for their students.
In this paper, we systematically reviewed existing research on teaching knowledge in the context of
undergraduate STEM, with particular attention to what
this research reveals about knowledge that is important to evidence-based teaching. We compare work
across STEM disciplines because identifying similarities across disciplines can strengthen our confidence
in theory and findings and noting differences can
advance efforts by bringing to light areas that have been
under-examined in particular disciplines. For the purposes of this review, we use teaching knowledge as an
umbrella term to refer to pedagogical content knowledge, mathematical knowledge for teaching, and pedagogical knowledge, which are described in detail in the
following section. In the remainder of the introduction, we describe theoretical frameworks of teaching
knowledge, articulate the need for studies of teaching
knowledge in undergraduate STEM contexts, and end
by presenting our research goal.
Theoretical frameworks of teaching knowledge

Teaching knowledge theory development has largely
occurred in K12 educational contexts, and much of this
work is siloed by discipline. Broadly, teaching knowledge theories address either topic-specific knowledge
or more generalizable knowledge. In this section, we
introduce teaching knowledge theories, with particular
attention to similarities and differences across STEM
disciplines in theory and terminology. Table 1 provides
an overview of various teaching knowledge components, their theoretical origin, and terminology that
varies across and within disciplines. Though it has been
useful for researchers to define separate knowledge
components, we expect instructors to draw on multiple
knowledge components at once in planning, enacting,
and reflecting on teaching.

2

Brief description

Topic-specific knowledge that encompasses awareness of standards for Knowledge of content and curriculum (Ball et al., 2008)
teaching a topic, curricular programs and resources, and appropriate
topic sequencing within a course and across courses in the curriculum
Topic-specific knowledge that encompasses awareness of the dimen- –
sions of learning to assess and methods that can be used to assess that
learning
Knowledge of the discipline that is not specific to teaching and that is
used by diverse disciplinary experts, including teachers
Knowledge of the discipline that is specific to the work of teaching but
is not knowledge of students or teaching
knowledge of the discipline regarding how disciplinary ideas appear in
different areas of the discipline or grade levels
Knowledge about teaching and learning that is not topic-specific,
including knowledge of how people learn, instructional approaches,
and other knowledge about learners and learning

Knowledge of curriculum (MKT & PCK)

Knowledge of assessment (PCK)

Common content knowledge (MKT)

Specialized content knowledge (MKT)

Horizon content knowledge (MKT)

Pedagogical knowledge

These differences in terminology may sometimes represent subtle differences in meaning, but we understand these researchers to be referring to some or all of the definition provided above

MKT = mathematical knowledge for teaching; PCK = pedagogical content knowledge

1

2

–

–

–

Subject matter knowledge (e.g., Chan & Yung, 2018), content knowledge
(Hale et al., 2016)

Topic-specific knowledge about useful examples, case studies, analoKnowledge of content and teaching (Ball et al., 2008)
gies, visual representations, activities, and other approaches to facilitate
student learning

Knowledge of content and students (Ball et al., 2008); knowledge of
students’ understanding of science (e.g., Park & Oliver, 2008), knowledge
of learners (Sickel & Friedrichsen 2018), knowledge of student thinking
(Ziadie & Andrews 2018), knowledge of students (Chan & Yung, 2015),
and knowledge of student ideas (Robertson et al., 2017)

Other terms for the same component

Knowledge of instructional strategies and representations (MKT & PCK)

Knowledge of student understanding (MKT & PCK ) Topic-specific knowledge that encompasses awareness of students’
prior knowledge; common difficulties, naive ideas, and misconceptions; variation in student thinking; and how students’ thinking can be
expected to change

Knowledge component (theory)

Table 1 Descriptions of teaching knowledge components, the theoretical frameworks that describe them, and other terms sometimes u
 sed1
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Pedagogical content knowledge (PCK) and mathematical
knowledge for teaching (MKT)

Pedagogical content knowledge (PCK) and mathematical
knowledge for teaching (MKT) are two separate theoretical frameworks that conceptualize topic-specific teaching knowledge. PCK was first conceptualized in science
education by Lee Shulman (Shulman, 1986). Researchers further defined this type of teaching knowledge
(Magnusson et al., 1999; Park & Oliver, 2008), and their
models were widely used. Eventually the breadth of PCK
work made it challenging to compare across studies and
to offer useful findings for teacher educators (Settlage,
2013). In response, a group of K12 scholars developed
the PCK consensus model (Berry et al., 2015). The model
reaffirmed critical aspects of the original model, including its relationship to other components of teacher’s professional knowledge base (Gess-Newsome, 2015). The
consensus model builds on prior models by separating
orientations and beliefs from knowledge, distinguishing and emphasizing the role of PCK that is embedded
within and cannot be separated from the acts of teaching and explained the linkages between PCK and student
outcomes (Gess-Newsome, 2015). These K12 scholars
continued their work, eventually producing the Refined
Consensus Model of PCK, which further distinguished
realms of PCK to emphasize the differences between
knowledge held by the field, knowledge held by an individual, and knowledge deployed in the act of teaching
(Carlson et al., 2019).
Concurrently, in mathematics education, Deborah
Ball and colleagues developed MKT, which included but
extended beyond PCK (Ball et al., 2008). MKT divides
topic-specific teaching knowledge into two main components: PCK and content knowledge. The PCK framework used in science education overlaps in some, but
not all ways, with the PCK half of the MKT framework
(Table 1). We first describe the similarities between the
conceptualization of PCK within mathematics and science education, and then describe differences.
Across disciplines, scholars define PCK as knowledge of teaching and learning that is specific to a topic
(e.g., natural selection, bonding, slope, energy, etc.) and
to a grade level. This knowledge goes beyond content
knowledge developed through disciplinary coursework
or scholarship. This knowledge is specific to the work
of teaching. Importantly, content knowledge is necessary, but insufficient to support the development of PCK
(Depaepe et al., 2013; Wilson et al., 2002). Scholars have
focused extensively on identifying and describing components of PCK (Chan & Hume, 2019), and two components are most often studied: knowledge of student
understanding and knowledge of instructional strategies
and representations (Chan & Hume, 2019; Depaepe et al.,
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2013). See Table 1 for other names sometimes used to
refer to these PCK components.
Knowledge of student understanding includes awareness of students’ prior knowledge of a topic, knowledge
that is prerequisite to understanding a topic, common
difficulties students encounter as they learn a topic and
the source of these difficulties, and variation in student
thinking about a topic (Table 1; Ball et al., 2008; Magnusson et al., 1999; Park & Oliver, 2008). Instructors need
knowledge of student understanding for each topic they
teach. For example, as biology instructors plan lessons
for natural selection, they benefit from knowledge that
undergraduates commonly think that individuals evolve.
As another example, in chemistry, students may draw the
sulfate dianion incorrectly because they do not understand the limitations of Lewis dot structures as 2-dimensional models. Chemistry instructors who recognize why
students struggle, and how to help them navigate limitations of the model, possess PCK for teaching the Lewis
dot structure model.
PCK also includes knowledge of instructional strategies
and representations (Table 1). This encompasses knowledge used in identifying and designing examples, case
studies, analogies, visual representations, activities, and
other approaches to facilitate student learning of a topic
(e.g., Ball et al., 2008; Magnusson et al., 1999; Park &
Oliver, 2008). It may also include sequencing of particular examples or cases. For instance, when introducing a
rule for differentiation in a calculus class, an instructor
draws on her knowledge of instructional strategies and
representations to select which examples to use first. This
component of PCK includes knowledge of which features of examples should be avoided because they may
not highlight the key ideas. For example, when introducing the product rule (i.e., that if f (x) = g(x) ∗ h(x),
′
′
′
then f (x) = g(x) ∗ h (x) + h(x) ∗ g (x)) if one uses
x
f (x) = e ∗ sin(x) as a first example, the nature of the
rule is obscured because the derivative of ex is itself ex .
An example from biology is knowing that students need
to complete problems using double-stranded DNA as
they learn about DNA replication and the central dogma
because otherwise they will not develop accurate ideas
about the directionality of DNA.
Though it has been studied less frequently, both mathematics and science education scholars include knowledge of curriculum within PCK frameworks (e.g., Ball
et al., 2008; Magnusson et al., 1999; Park & Oliver, 2008).
Knowledge of curriculum includes awareness of standards related to a topic, curricular programs and resources
for teaching a topic, and appropriate sequencing of topics within a course and across courses in the curriculum,
among other things. Teachers rely on this knowledge
to differentiate between big ideas and less important or
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more peripheral ideas related to a topic (e.g., Magnusson et al., 1999; Park & Chen, 2012). The PCK framework
from science education has one component not typically
ascribed to MKT: knowledge of assessment. Knowledge
of assessment includes knowledge of the dimensions of
learning to assess related to a topic and methods that can
be used to assess that learning (e.g., Magnusson et al.,
1999).
The other half of mathematical knowledge for teaching
(MKT)

In the MKT framework, PCK represents one of two main
components of teaching knowledge. The other component is content knowledge, which is knowledge of mathematics that is used to do the work of teaching but does
not rely on knowledge of students or teaching (Ball et al.,
2008). Thus “the other half of MKT” goes beyond the
PCK framework used in science education. The MKT
framework includes three distinct teaching knowledge
components: common content knowledge, specialized
content knowledge, and horizon content knowledge
(Table 1).
Common content knowledge is not specific to teaching and is used by both other experts in the discipline and
teachers. This knowledge is developed via courses at K12
and higher levels, and by engaging as a professional in a
discipline. This is the knowledge we have traditionally
assumed that teachers need to be effective.
Specialized content knowledge is disciplinary knowledge that is specific to the work of teaching, but does not
require knowledge of students or teaching (Ball et al.,
2008). This knowledge is used to reason through disciplinary problems, but in the specific context of teaching.
Examples of mathematical work a teacher does include
determining whether a particular student-generated procedure is mathematically valid or figuring out whether a
procedure that works in one context (e.g., whole numbers) is also mathematically valid in another context
(e.g., rational numbers). Another example of deploying specialized content knowledge would be a biology
instructor reasoning through a non-typical experimental
design proposed by a student to determine its strengths
and weaknesses. The instructor is relying on disciplinary
expertise, but in a context unlikely to be encountered
outside of teaching or mentoring.
Horizon content knowledge is disciplinary knowledge
of particular mathematical ideas that appear in different mathematical areas or grade levels. Horizon content
knowledge comes into play in a variety of teaching situations including when an instructor is discussing a topic
that students will encounter again, in a more sophisticated way, at a later grade level. An initial presentation
of a topic needs to be at an appropriate level for those
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students, but also needs to be done in ways that are an
accurate portrayal of the more sophisticated ideas. This
work of teaching, which is enabled by horizon content
knowledge, is referred to as “trimming” (McCrory et al.,
2012). An example of trimming that indicates a lack of
horizon content knowledge is when an elementary school
teacher explains to students that “multiplication makes
things bigger.” Students will eventually encounter multiplication involving values less than one, which does not
make things bigger. Therefore, using this “simplified” rule
may make it harder for students to learn content in later
years. This knowledge is tied to content knowledge of the
discipline and is distinct from the knowledge of curriculum that includes the grade level or curricular sequencing of the ideas.
Generalizable teaching knowledge: pedagogical
knowledge

There are also components of teaching knowledge that
are applicable across topics rather than specific to particular content. These knowledge bases have received
less empirical and theoretical attention than topic-specific knowledge and are not as clearly defined. Notably,
theory surrounding topic-specific knowledge has blossomed over the last 40 years, which was an important
shift toward recognizing that teaching requires knowledge within the discipline that goes well beyond content
knowledge. One result of this shift, however, is that more
generalizable knowledge has remained undertheorized.
We have a few reasons to believe that pedagogical
knowledge deserves particular attention within the context of undergraduate STEM education, even though it
is not currently a focus in many studies of K12 teaching
knowledge. First, unlike K12 teachers, many undergraduate instructors have little or no professional preparation for teaching and thus may lack general, formalized
knowledge that is common in professional learning for
K12 teachers. Second, undergraduate STEM instructors
often teach in challenging pedagogical contexts, such as
“industrial-sized” classrooms, which necessitate scaling
teaching approaches considerably. Third, undergraduate
STEM instructors are being called upon to change their
pedagogical approaches (e.g., Freeman et al., 2014), and it
is reasonable to think this requires particular expertise to
enact effectively (e.g., Andrews et al., 2011).
Though theory about pedagogical knowledge is less
developed, scholars agree that pedagogical knowledge
includes expertise about how people learn, instructional
approaches, classroom management, and other knowledge about learners (e.g., Auerbach & Andrews, 2018;
Grossman & Richert, 1988; König et al., 2014; MorineDershimer & Kent, 1999). The most recent framework,
and the only one focused on undergraduate instructors,
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outlined seven distinct components of pedagogical
knowledge (Auerbach & Andrews, 2018). This framework focused particularly on knowledge relevant to
active-learning instruction in large undergraduate biology courses. At the core of the framework is knowledge
of creating opportunities for legitimate generative work.
This includes awareness that students learn from cognitively engaging in challenging work during class, that
students must construct (not just receive) knowledge,
and that engagement in legitimate scientific practices
is important for learning in the sciences (Auerbach &
Andrews, 2018). Additionally, this pedagogical knowledge framework includes knowledge about monitoring
and responding to student thinking, increasing equity,
motivating students, prompting metacognition, building links between tasks, and managing active-learning
logistics.
The need for research on undergraduate STEM teaching
knowledge

Though research investigating teaching knowledge
among K12 teachers provides a strong theoretical and
empirical foundation for research on teaching knowledge in undergraduate STEM education, we see a need
for investigations set in the context of undergraduatelevel teaching and learning. The teaching knowledge that
is important to effective instruction may be different for
undergraduate instructors due to the undergraduatespecific classroom environments where they teach, the
norms and practices for teaching at the undergraduate level, and the different depth and level of content
that they teach. For example, many undergraduate faculty teach courses that enroll hundreds of students in a
single lecture course that is held in a large auditorium
which stands in contrast to the context for most K12
instruction.
The ways in which undergraduate instructors develop
as teaching professionals is also distinct. Professional
development for undergraduate teaching, when it is
provided, is often brief and non discipline-specific. For
example, mandatory teaching professional development
for graduate teaching assistants in the life sciences is
often fewer than 10 h and focused on policies and classroom management (Schussler et al., 2015). Additionally,
faculty often do not receive sufficient mentoring or feedback on their teaching (e.g., Brickman et al., 2016). On
the other hand, college instructors have many additional
years of training in their discipline compared to K12
teachers and thus likely have more expansive and wellorganized content knowledge. Overall, undergraduate
faculty likely have fewer opportunities to develop deep
and well-organized teaching knowledge and more opportunities to develop content knowledge that they can use

Page 6 of 21

in their teaching (Anderson et al., 2011; Deshler et al.,
2015; Luft et al., 2004; Seymour, 2005).
Finally, the content that undergraduate instructors
teach may differ in depth, level, and scope. Developmental STEM courses may be most similar to secondary content. On the other hand, senior-level courses
may be highly focused on a particular area of the discipline and on authentic engagement in the practices of
the discipline (e.g., reading and critiquing peer-reviewed
papers). Furthermore, whereas K12 teachers often rely on
research-based curricula that can promote the development of teaching knowledge, undergraduate instructors
often develop the majority of their teaching plans and
materials.
These differences between the K12 and undergraduate teaching contexts pose challenges but also create
opportunities as we work to advance research on teaching knowledge for undergraduate STEM. Caution is
called for when adopting theories and findings derived
from research on K12 teachers since they may not generalize to undergraduate teaching due to the differences
discussed above. However, as research in this area accumulates, we may learn that much of existing theory does
have descriptive and explanatory power for undergraduate teaching. The payoff of research on those who teach
undergraduate STEM may ultimately be an overall richer
understanding of theories of teaching knowledge as current theories are augmented to be descriptive of teaching
knowledge across a wider range of grade levels.
Research goals

The goal of this work was to systematically review existing research on teaching knowledge among undergraduate STEM instructors, with particular attention to what
has been learned about important knowledge for evidence-based teaching.

Methods
Identifying candidate works for review

Our goal was to identify peer-reviewed works about
teaching knowledge relevant to undergraduate STEM
instruction (Fig. 1). We included both journal articles
and published conference proceedings in our search, but
excluded books, dissertations, reports, and other grey
and white literature. Grey and white literature includes
information produced outside traditional academic publishing venues, such as reports, working papers, white
papers, policy documents. We searched initially in 2018
and repeated these searches in 2021. Therefore, this
review focuses on work published prior to June 2021.
We did not set an early date limit, but almost all papers
returned in our searching were published in 2000 or later.
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stopped reading titles and abstracts when items on the
list no longer met our minimum search criteria.
We also examined journals to collect potentially relevant articles that might have been missed in Google
Scholar searches. This approach added 19 articles that
were potentially relevant beyond what had been recovered using Google Scholar searches. We focused on journals that publish discipline-based education research
(DBER) in the undergraduate context in a single STEM
discipline or multiple disciplines. We scoured a total of
34 journals and conference proceedings (see Additional
file 1). We used search terms for educational level and
for teaching knowledge within journal search engines.
We omitted STEM discipline search terms when searching within a discipline-specific journal (e.g., Journal of
Chemical Education, Journal of Geosciences Education).
Journals that were not specific to STEM (e.g., Higher
Education) returned so few papers that we could screen
them for a STEM focus by hand.
The result from this phase of our work was a set of 135
articles and conference proceedings that were potentially relevant to our review (Fig. 1). As we began a closer
inspection of these candidate works, it became apparent
that many items in our candidate set were not research
on teaching knowledge in undergraduate STEM contexts.
This prompted a second phase where we screened the
works and further refined our inclusion and exclusion
criteria.
Screening for inclusion

Fig. 1 Flow diagram of how we identified and screened articles to
arrive at the final set of articles for analysis

We used Google Scholar to identify potentially relevant articles. We conducted multiple searches using
a combination of search terms to indicate educational
level (college, undergraduate, university), STEM discipline (biology, mathematics, chemistry, physics, engineering), and a teaching knowledge term (pedagogical
content knowledge, mathematical knowledge for teaching, pedagogical knowledge, teaching knowledge,
knowledge for teaching). We relied on these search
terms to be both specific and comprehensive. We read
titles, abstracts, and skimmed papers as necessary to
determine if they focused on the undergraduate level,
studied STEM instructors, and were related to teaching knowledge. In reviewing the Google Scholar result
list (organized by relevance to our search terms), we

Our aim was to include all articles that directly investigated or theorized about teaching knowledge that is
used by instructors of undergraduate STEM courses
(Fig. 1), and we made inclusion decisions collaboratively.
Our initial search generated a set that included works
outside these bounds and our further reviewing of the
works helped us clarify our criteria. There were several
ways that works in the candidate set failed to match our
criteria. One was based on who the instructor participants were and what they were teaching. For example,
we included works focused on faculty and graduate student instructors of undergraduate STEM content, and
excluded work focused on instructors of pre-service
teachers and work focused on undergraduate learning
assistants. We included one paper that involved STEM
instructors and instructors from other disciplines (e.g.,
Fernández-Balboa & Stiehl, 1995), because many of the
participants were STEM instructors.
We also defined the bounds of the review by the type
of scholarship. We included investigations that utilized
empirical evidence about teaching knowledge and papers
aiming to build theory. We excluded opinion pieces
and essays. We then further refined what constituted
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empirical work on teaching knowledge, resulting in the
exclusion/inclusion criteria discussed below.
We aimed to review work focused on the teaching
knowledge that instructors employ in the work of teaching. Therefore, we excluded articles that investigated an
array of adjacent cognitive constructs We excluded studies of whether instructors were familiar with specific
instructional approaches or pedagogical terminology
because we did not consider this to be knowledge that
instructors could use to do the work of teaching (e.g.,
Hanauer & Bauerle, 2015; Henderson & Dancy, 2009).
We also excluded papers that investigated content knowledge among instructors if the goal was not to understand
how that content knowledge was used for teaching. We
also excluded papers describing studies of teaching
beliefs or orientations. Contemporary teaching knowledge theory positions beliefs as distinct from knowledge,
acting as a filter or amplifier of how instructors apply
knowledge to practice and what knowledge instructors
construct from reflection on their practice (e.g., GessNewsome, 2015). Previous models included teaching
orientations as a component of PCK (e.g., Magnusson
et al., 1999; Park & Oliver, 2008), and some papers in our
candidate list focused primarily on teaching orientations
(Mack & Towns, 2016). We retained papers that studied
orientations alongside knowledge components of PCK
(e.g., Padilla & Van Driel, 2011).
We determined that a few papers in our candidate
set were studies of teaching knowledge in undergraduate STEM, even though the authors did not frame their
investigation as focused on knowledge (e.g., Baldwin &
Orgill, 2019). We included these papers because the foci
of their work aligned closely with contemporary conceptualizations of teaching knowledge. We may have missed
other papers that did not frame their work as studying
knowledge because they would not have been returned
on our searches. We recognized this paper in journal
scouring because the title strongly suggested alignment
with contemporary conceptualizations of PCK.
Analysis of articles

We analyzed each paper with the ultimate goal of characterizing the full collection of papers. The screening
process reduced the number of papers and conference
proceedings to 45. We analyzed each to determine (1)
whether the work investigated declarative knowledge
and/or knowledge-in-use; (2) the participant population and whether and how researchers considered
participants’ teaching experience; (3) the knowledge
components investigated, which follows from teaching
knowledge theory, and (4) whether researchers studied
teaching knowledge in the context of evidence-based
teaching. We then further analyzed the subset of papers
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that examined teaching knowledge in the context of
evidence-based teaching to synthesize key findings. We
relied on abstracts, full papers, and our own written summaries of papers for these analyses. We analyzed papers
independently and collaboratively, with at least two
authors contributing to all analyses.
We characterized the approaches used in each paper,
dividing them into whether they studied declarative
knowledge or knowledge-in-use. Declarative knowledge
is something a teacher can possess and can be developed
within or beyond the classroom (e.g., Alonzo & Kim,
2016). Knowledge-in-use is embedded within and cannot
be separated from the acts of teaching (e.g., Gess-Newsome, 2015). These two approaches have been used in
teaching knowledge research in K12 contexts (e.g., Chan
& Hume, 2019). The most recent model of PCK in science
education, the Refined Consensus Model of PCK, places
knowledge-in-use as most closely linked to teaching and
therefore most able to influence student outcomes (Carlson & Daehler, 2019). The Reformed Consensus Model
refers to this as enacted PCK (Carlson & Daehler, 2019).
We use the term knowledge-in-use because it captures
the meaning but is not specific to PCK.
We considered research to be focused on declarative
teaching knowledge if the approach to eliciting teaching
knowledge was not directly tied to the participant’s personal teaching practice. These studies generally collected
data using surveys or interviews. We considered research
to be focused on knowledge-in-use if the approach to
eliciting teaching knowledge relied on an instructor’s
personal teaching practice. Like Chan and Hume (2019),
we defined “teaching practice” as the full teaching cycle
of planning to teach, enactment in the classroom, and
reflection on teaching experience. These studies gathered
data about teaching knowledge by observing instructors
in the acts of teaching, including developing lessons and
implementing them in the classroom. Most commonly
researchers both observed instruction and then elicited
instructor’s thinking about their teaching through interviews, surveys, or written reflections. This aspect of our
analysis applied only to papers that collected and analyzed data, excluding those focused solely on extending
theory.
We also characterized the participant population for
each study and how researchers considered the participant’s experience. Research studying K12 instructors indicates that teaching experience can foster the
development of teaching knowledge (e.g., Chan & Yung,
2018), so the experience level of participants may influence what can be learned in a research study. Therefore,
we determined the experience level of the participants
in each study that collected data about teaching knowledge. We first determined if a study investigated teaching
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knowledge among graduate teaching assistants or undergraduate faculty. We further examined how the researchers defined the experience level of faculty. Experience
was characterized in different ways across papers, including years of undergraduate teaching experience, years
using a particular curriculum or teaching approach, and
evidence of effectiveness. We divided these according to
whether and how experience was defined and captured.
Given the robust teaching knowledge theory from K12
education that characterizes different components of
teaching knowledge, we analyzed each paper included
in the review to determine the teaching knowledge
component(s) studied. Most papers explicitly state this
information and ground the work in specific teaching
knowledge theory. In a few cases, we made our own judgments about the knowledge components studied using
the contemporary conceptualizations of these components, as described in the introduction of the paper.
A key goal of this review was to determine what existing research reveals about teaching knowledge for
evidence-based teaching in undergraduate STEM. Therefore, we determined which papers examined teaching
knowledge in that context and synthesized their findings.
We considered a paper to examine teaching knowledge
in the context of evidence-based teaching if the goals of
the study and the approaches to data collection focused
explicitly on evidence-based teaching and related teaching knowledge. We then wrote summaries of the findings
of each paper. Using these summaries, we organized the
findings across papers according to the teaching knowledge component addressed in the finding, synthesized
these findings, and wrote summaries. Lastly, we looked
across all of the findings of this work for emergent, big
picture themes. We each individually reviewed the summaries and recorded notes (i.e., qualitative memos) about
patterns that we observed. We discussed each memo and
considered them in light of recent reviews on teacher
knowledge, specifically Chan and Hume (2019) and
Depaepe et al. (2013), and our research questions. Finally,
we collapsed these into the themes that are presented
here.
Limitations

This systematic review has limitations that are important to keep in mind. First, we reviewed peer-reviewed
articles and conference proceedings, excluding dissertations, books, and reports. Thus, our review may not
fully represent the existing scholarship. Importantly, our
approach privileges researchers who have access and support to shepherd their work to journals and conferences,
and thus may disproportionately underrepresent scholars
who have been denied equal professional access.
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Second, as with any review, we cannot ensure that we
found every article and proceeding that met our inclusion criteria. In particular, we may have missed work
that was not framed using existing theoretical frameworks of teaching knowledge. We sought to identify
relevant work that used different theoretical framing,
and found some work like this (e.g., Baldwin & Orgill,
2019), but we may have missed other relevant work that
did not use any of the search terms.
Lastly, we chose to focus our review on specific
aspects of the collected work, which necessarily narrows what can be learned from this systematic review.
We reviewed aspects of methodology that we expect to
be important to making useful discoveries; the components of knowledge investigated, as defined in existing
theoretical frameworks; and findings related to teaching knowledge for evidence-based teaching. There may
be other important aspects of methodology, theory,
and findings that we have not reviewed. We encourage scholars to capitalize on the collection of papers
to investigate other questions relevant to their teaching knowledge research programs (see full list in Additional file 2).

Results
We describe five main findings from our systematic
review of research on teaching knowledge in undergraduate STEM, in order of increasing complexity. Our
findings include a broad quantification of this body of
literature, characterizations of the research methods and
teaching knowledge components studied, and a synthetic
summary of research findings from studies examining
teaching knowledge in the context of evidence-based
teaching. Discoveries in the context of evidence-based
teaching are particularly relevant given the interest and
energy surrounding evidence-based teaching in undergraduate STEM education.
Finding 1: teaching knowledge research is scarce

Across STEM disciplines, we identified 29 peer-reviewed
papers and 16 conference proceedings that met our
inclusion criteria (Table 2). The greatest number of peerreviewed papers has been published in Chemistry, and
Mathematics has the most work inclusive of conference
proceedings (Table 2). This review confirms that there is
considerably less teaching knowledge research in undergraduate contexts than K12 contexts. In comparison,
studies of teaching knowledge in K12 science and mathematics number at least 289 based on reviews published
in the last five years (e.g., Chan & Hume, 2019; Hoover
et al., 2016).
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Table 2 Count of included peer-reviewed papers and peerreviewed conference proceedings, by discipline
Discipline

Count of papers

Count of
conference
proceedings

Mathematics

5

13

Chemistry

12

0

Physics

5

3

Biology

5

0

Engineering

1

0

Multiple disciplines

1

0

Total

29

16

Table 3 Count of research approaches by discipline1
Discipline

Declarative knowledge Knowledgein-use

Mathematics

4

10

Chemistry

12

0

Physics

7

1

Biology

2

3

Engineering

1

0

Multiple disciplines

1

0

Total

27

14

1

Four theorizing papers from mathematics were excluded from these counts:
(Delgado-Robolledo et al., 2020; Hauk et al., 2013; Liang, 2019; Nuzzi et al., 2020)

Finding 2: teaching knowledge research has investigated
both declarative knowledge and knowledge‑in‑use, using
a variety of data collection approaches

To understand how researchers have investigated teaching knowledge for undergraduate STEM education, we
examined the research approaches used. More than half
(60%) of these works investigated declarative teaching
knowledge (Table 3). In these studies, researchers aimed
to elicit teaching knowledge, but not in the context of
participants’ own classroom practice. The majority of
these studies used interviews or open-response surveys that were informed by teaching knowledge theory.
Researchers used a variety interview methods, including semi-structured interviews (e.g., Padilla & Van Driel,
2011, 2012; Zotos et al., 2020), task-based interviews
(Frank & Speer, 2012), think-aloud interviews (Maries
& Singh, 2016), and Content Representations (an established approach to eliciting PCK (Loughran et al., 2004).
In addition to interviews, researchers elicited declarative teaching knowledge using a variety of questionnaires (e.g., Connor & Shultz, 2018; Hale et al., 2016;
Lutter et al., 2019) and concept inventories (e.g., Maries
& Singh, 2013), sometimes alone and sometimes in combination with an interview (e.g., Maries & Singh, 2016).
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Interviews generally addressed teaching knowledge
about specific content and/or reflection on corresponding assessments. For example, Zotos et al. (2021) captured undergraduate chemistry instructors’ PCK for
teaching organic reaction mechanisms using a task-based
interview protocol. Participants examined authentic student responses to content questions and considered what
the student was thinking and how they would respond
instructionally. This approach provides highly contextand content-specific information about instructors’
declarative knowledge, but it does not provide direct data
about how participants apply this knowledge in their own
classroom practice.
About one-third (31%) of the reviewed work investigated knowledge-in-use (Table 3), which are studies of
knowledge enacted in practice. These studies primarily
used teaching observations in combination with another
method, such as an interview, to examine how instructors
applied their knowledge during the teaching cycle (e.g.,
planning, implementing, reflecting). Most of this work
investigated mathematics instructors (n = 10). Johnson
and Larsen (2012), for example, studied how instructors
addressed student contributions to in-class mathematical
discussions, using an iterative video analysis technique.
They identified instances of “teacher listening”, which
included student contributions and instructor responses
and determined whether the instructor response was
supported or constrained by their mathematical knowledge for teaching. This work, and other scholarship like
it, can reveal teaching knowledge that instructors rely on
while teaching. Prevalence of studies of knowledge-in-use
varied across disciplines, with studies in chemistry and
physics rarely examining knowledge-in-use and studies
in mathematics preferentially studying knowledge-in-use.
Finding 3: teaching knowledge research often does
not explicitly consider teaching experience

Studies of novice and experienced instructors can
reveal what teaching knowledge develops over time.
Such findings can also inform professional development
for novice instructors and reveal how knowledge development occurs. Therefore, we characterized whether
and how teaching experience was taken into account
in studies of teaching knowledge. Most generally, studies investigated graduate teaching assistants (n = 18)
and faculty (n = 21). Only one study compared instructors across these two career levels (Zotos et al., 2021).
We assume that most graduate teaching assistants are
relatively inexperienced compared to faculty and may
be comparable to pre-service teachers in K12 contexts
in terms of their development of teaching knowledge.
Thus comparisons between graduate students and faculty may reveal what teaching knowledge develops as a
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result of experience. Only one study examined adjunct
faculty (Nuzzi et al., 2020) and no studies focused
on community college faculty and thus very little is
known about teaching knowledge in these instructor
populations.
Most studies did not explicitly consider teaching
experience among participants, but a few did so strategically. Most commonly, researchers reported participants’ semesters or years of teaching experience (e.g.,
Lawrie et al., 2019; Maries & Singh, 2019; Padilla &
Van Driel, 2011, 2012), but level of experience did not
appear to be a factor in participant recruitment. Convenience sampling appeared to be the primary strategy used by researchers, which may be the result of
unique challenges associated with recruiting instructors as a subject population (i.e., small numbers, cultural prioritization of research over teaching) (Robert
& Carlsen, 2017). A subset of studies defined teaching experience in specific ways aligned with particular
study goals. Some studies (N = 9) deliberately focused
on instructors with substantial experience (Auerbach
& Andrews, 2018; Auerbach et al., 2018; FernándezBalboa & Stiehl, 1995; Johnson & Larsen, 2012; Viiri,
2003; Weber, 2010). In other cases, researchers examined participants who had no prior experience with a
particular practice or curriculum in order to understand what teaching knowledge a novice needed (Johnson, 2012; Speer & Wagner, 2009; Wagner et al., 2007).
Other work specifically recruited participants with
some evidence of teaching effectiveness, such as recommendations by administrators, student evaluations,
performance outcomes, and teaching awards (Fernández-Balboa & Stiehl, 1995). Lastly, at least one study
aimed to compare instructors with different levels of
experience and expertise. Auerbach et al. (2018) compared teaching knowledge among expert and novice
active-learning instructors, defining experts based on
both years of experience and either demonstrated effectiveness or demonstrated purposeful reflective practice.
These studies may serve as examples for researchers
considering how to define experience and to purposefully recruit participants when designing a teaching
knowledge study.
There are few interpretable trends in how teaching
experience was defined and studied across disciplines.
However, consistent with other findings in this review,
research in mathematics education seemed somewhat
distinct from that in science education, including a
greater fraction of studies focused on faculty. Investigations of participants’ teaching knowledge related
to a particular approach or curriculum were primarily in mathematics and biology, and generally aimed to
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understand the role of teaching knowledge in implementing some form of evidence-based teaching.
Finding 4: different disciplines have relied on different
theoretical framing in teaching knowledge research,
resulting in some convergences and key divergences

As described in the introduction, different theoretical frameworks about teaching knowledge have been
developed in the context of K12 mathematics and science education. Our systematic review indicated that
most research into teaching knowledge in undergraduate
STEM has adopted the theoretical frameworks developed for K12 educational contexts, including pedagogical
content knowledge (PCK) and mathematical knowledge
for teaching (MKT). In addition, some research has
developed and relied on a pedagogical knowledge (PK)
framework that is specialized to undergraduate STEM
education. Table 4. represents the number of papers
investigating particular components of teaching knowledge, organized by theory, for each discipline. To see the
sets of papers corresponding to the rows, columns or cells
in Table 4., please consult Additional file 2. This spreadsheet can be searched and sorted to locate, for example,
papers on a particular knowledge component from a particular discipline. A few papers did not explicitly align
their work with established frameworks of PCK, MKT,
or PK, yet studied components of knowledge described
in these frameworks. Therefore, we grouped these papers
with the aligned knowledge components.
Research in both undergraduate mathematics and science has investigated PCK.
Thirty-three of the 45 (73%) reviewed papers examined
one or more PCK components. Knowledge of student
understanding (see Table 1 for definitions and alternative
terms) was the only knowledge component that researchers in all included STEM disciplines investigated, and
thus represents a key convergence in teaching knowledge
research in undergraduate STEM. It was also the most
frequently investigated component (Table 4). Disciplines
varied more for other PCK components, with biology and
chemistry examining knowledge of instructional strategies and representations as often as knowledge of student
understanding, and physics with few papers studying
other PCK components. Investigations of knowledge
of curriculum and knowledge of assessment were rare
outside of chemistry, which stands apart from other disciplines by having more papers across the different components of PCK.
Research drawing on non-PCK components of MKT
was mostly limited to mathematics, and studies of pedagogical knowledge were limited to science, reflecting divergences among disciplines. Of the 45 reviewed
papers, 18 (40%) investigated components outlined in
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Table 4. Number of papers (n = 45) by discipline and knowledge component(s) studied1

Math
(n = 18)

Engineer
-ing
(n = 1)

Total

8

9

1

30

10

1

3

0

17

1

6

1

2

0

10

1

5

0

2

0

8

0

1

0

0

0

1

0

0

2

5

0

7

0

0

1

6

0

7

Horizon
content
knowledge

0

0

0

0

0

0

MKT as a
whole2

0

0

0

6

0

6

4

1

0

0

0

5

Theoretical
framework

Knowledge
component

Pedagogical
content
knowledge
(PCK)

Knowledge of
student
understanding

3

9

Knowledge of
instructional
strategies and
representations

3

Knowledge of
curriculum
Knowledge of
assessment
PCK as a
whole2
Mathematical Common
content
knowledge
knowledge
for teaching
(beyond
Specialized
PCK)
content
knowledge

Pedagogical
knowledge

Biology Chemistry Physics
(n = 5)
(n = 12)
(n = 8)

Key: Shading indicates number of papers
0

1

2-4

5-8

9+

1

This table excludes one paper that crossed multiple STEM disciplines, which studied common content knowledge and pedagogical knowledge. 2This work
considered only the framework as a whole, rather than distinguishing among knowledge components

MKT that extend beyond PCK. Most of these papers
(n = 15) focused on mathematics education and explicitly
grounded their work in the MKT framework. Another
three studied common content knowledge without reference to MKT. There were no investigations of horizon content knowledge. Interestingly, the one study of
specialized content knowledge outside of mathematics
resulted from a collaboration between a physics education researcher and a mathematics education researcher.
Research on pedagogical knowledge also shows divergences among disciplines. Out of five studies, all were
within science and most limited to biology.
Notably, a small number of papers aimed to build
or refine teaching knowledge theory in the context of
undergraduate STEM education. Most of this work
focused on extending the MKT framework. Specifically, some papers engaged in theory-building related

to MKT by linking it to other areas of research (e.g.,
Hauk et al., 2013; Johnson, 2012), tailoring it to specific teaching contexts (e.g., Firouzian & Speer, 2015;
Miller, 2018), developing related theory (e.g., DelgadoRebolledo & Zakaryan, 2020; Johnson, 2012) or critically reviewing prior work with new lenses to suggest
future directions (e.g., Liang, 2019). Some of these
papers pursued theory-building by analyzing empirical evidence of specific instructors’ knowledge and
practice, and others propose arguments that had not
yet been tested. Most of this work was disseminated
via conference proceedings. One paper aimed to build
theory in the context of the PCK framework utilized
in science disciplines (Bond-Robinson, 2005) and one
paper focused on theory-building related to pedagogical knowledge. Unlike MKT and PCK, pedagogical
knowledge is undertheorized, so this work proposed a
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framework of components of pedagogical knowledge
(Auerbach & Andrews, 2018).
Finding 5: evidence‑based teaching relies on pedagogical
content knowledge and pedagogical knowledge,
in addition to content knowledge

We identified just six peer-reviewed papers and four conference proceedings that investigated teaching knowledge for evidence-based teaching in undergraduate
STEM classrooms, which represents 22% of the reviewed
work. Seven of these investigated mathematics instructors and three investigated biology instructors. Notably,
8 out of 10 studies examined knowledge-in-use, which is
distinct from the larger body of reviewed work in which
31% of papers studied knowledge-in-use. The reviewed
papers focused specifically on inquiry-based or activelearning instruction. These terms can have many definitions. The work reviewed here generally studied learning
contexts in which students worked on questions and
problems during class, collaborated with peers during
class, and participated in class discussions facilitated by
the instructor (Andrews et al., 2019; Johnson, 2012; Johnson & Larsen, 2012; Speer & Wagner, 2009; Wagner et al.,
2007). Next we summarize key findings about teaching
knowledge for evidence-based teaching, based on the
reviewed work.
Knowledge of student understanding, a component
of PCK, can facilitate evidence-based teaching. Several in-depth studies provide convincing evidence that
STEM instructors may have insufficient knowledge of
student understanding to effectively plan and implement
evidence-based lessons (Andrews et al., 2019; Johnson
& Larsen, 2012; Speer & Wagner, 2009; Wagner et al.,
2007). Additionally, knowledge of student understanding
was observed to be more common among expert activelearning instructors than among those newer to this
teaching approach (Auerbach et al., 2018).
Knowledge of student understanding informs how
instructors plan lessons because it helps instructors
anticipate student thinking and plan learning opportunities to shift students toward desired normative conceptions. Biology instructors who successfully implemented
evidence-based teaching planned lessons specifically to
target difficulties that they anticipated students would
have in learning a topic (Andrews et al., 2019). With
insufficient knowledge about student understanding,
undergraduate mathematics instructors had trouble
anticipating students’ early and ill-formed ideas about
a topic (Wagner et al., 2007). Similarly, these instructors struggled to anticipate how students would respond
to certain tasks and problems, including what would be
easier and harder for them and the likely consequences of
naive ideas as students engaged in new tasks or problems
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(Johnson & Larsen, 2012; Wagner et al., 2007). Anticipating common student thinking is particularly important
for recognizing how instructional tasks and problems
developed by someone else can contribute to the overall
trajectory of student learning (Wagner et al., 2007). This
knowledge may also be key to having reasonable expectations for student thinking at different stages in learning a
topic (Wagner et al., 2007).
Knowledge of student understanding also plays an
important role in implementing evidence-based teaching. Evidence-based teaching practices provide instructors with access to student thinking as they circulate the
classroom, talk to students, and facilitate discussions.
Knowledge of student understanding helps instructors
make sense of student contributions, which then allows
them to enact immediate instructional responses. Mathematics instructors with this knowledge were able to make
sense of student thinking in real-time, whereas instructors lacking this knowledge could not always reason
through ill-formed student contributions quickly enough
to respond appropriately during class (Johnson & Larsen,
2012; Speer & Wagner, 2009). Anticipating student difficulties made the cognitive task of reasoning through
student thinking during class more efficient and therefore more feasible while managing the other demands of
leading a lesson (e.g., Speer & Wagner, 2009). After making sense of a student contribution, knowledge of student understanding helped instructors decide whether
and how to use or respond to a student’s contribution.
For example, this knowledge could help an instructor
recognize that an inaccurate idea shared by a student is
productive for the class to consider further because it
can create space for students to grapple with a common
difficulty (Speer & Wagner, 2009). As another example,
mathematics instructors lacking knowledge of how students are likely to be thinking about a topic may struggle to consider whether an example, counterexample, or
explanation they intend to provide will be understandable to students (Johnson & Larsen, 2012).
Instructors may also employ knowledge of student
understanding to make decisions about timing during a
lesson. This could include deciding what to omit when
time is short in a lesson (Wagner et al., 2007), and feeling
comfortable moving forward with a lesson when students
are still expressing ideas that are not yet fully aligned
with normative ideas about a topic (Wagner et al., 2007).
That point is particularly interesting because evidencebased teaching can give instructors much more access to
student thinking than they have had previously, and what
instructors discover may be surprising, and even disconcerting. Students often simultaneously hold both normative and non-normative ideas as they develop more
expertise (Opfer et al., 2012), but that may not be obvious
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to instructors who have not regularly elicited student
thinking throughout the learning process.
Pedagogical knowledge, which is generalizable across
topics, can also influence evidence-based teaching.
This finding is more tentative than the important role
of PCK because pedagogical knowledge only appeared
in a few studies, all focused on biology (Andrews et al.,
2019; Auerbach et al., 2018). More expert evidence-based
instructors use knowledge of how to monitor student
thinking as they interact with small groups and circulate
the classroom with the intention of accessing student
thinking (Andrews et al., 2019; Auerbach et al., 2018).
There may also be a role for knowledge of how people
learn, which helps instructors to design lessons focused
on students generating reasoning (Andrews et al., 2019;
Auerbach et al., 2018). More expert evidence-based
instructors also display more knowledge about motivating students by holding them accountable for working
during class (Auerbach et al., 2018). There may also be
other components of pedagogical knowledge used by evidence-based instructors, such as knowledge of metacognition and equitable teaching practices, but further work
is needed to understand their role in evidence-based
teaching (Auerbach & Andrews, 2018).
Finally, the reviewed research confirms a critical role
for content knowledge in evidence-based teaching. To
date, this research is limited to the discipline of mathematics, which has a long history of studying content
knowledge that is important to teaching. Instructors
rely on content knowledge while teaching, especially
when they encounter students’ thinking. Instructors use
common content knowledge (as well as other knowledge components) to take a student’s contribution (e.g.,
answers, explanations, solutions) that is unfamiliar and
possibly surprising, make sense of it, and then translate it into something that can further a class discussion (Speer & Wagner, 2009). More generally, common
content knowledge can help instructors to recognize
student contributions as aligned with normative knowledge (Johnson, 2012). It can also inform an explanation
of a topic (Johnson, 2012) and choices about appropriate representations of content (e.g., Lee et al., 2009).
More robust specialized content knowledge may allow
instructors to more efficiently and effectively make sense
of student thinking that is non-normative while teaching
so that they can leverage these contributions toward lesson goals; this may involve common content knowledge
and specialized content knowledge (e.g., Speer & Wagner, 2009; Wagner et al., 2007). Instructors with underdeveloped content knowledge may only be able to reason
through the content of non-normative student answers
with more time and thus may miss opportunities to leverage student thinking during a lesson.
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Content knowledge may not always be an asset to
evidence-based teaching. Interestingly, one study raised
questions about the limitations that content knowledge
could place on evidence-based teaching. One instructor
was more open to using student thinking to drive a lesson
forward when teaching content that was not aligned with
his research interests (Fortune & Keene, 2019).

Discussion
This systematic review of research on teaching knowledge in undergraduate STEM instruction supports
three broad conclusions and has several implications for
future research. Here, we describe the emergent conclusions and then detail implications for future work. The
first broad conclusion that emerges from this review is
that existing research is limited in terms of the number
of published papers, and thus there are many opportunities for future research. A second emergent conclusion is that this body of research is siloed by discipline.
Though disciplinary divergences are common in discipline-based education research, the effect is magnified
in this research area because the theoretical frameworks
are themselves siloed by discipline. The convergences and
divergences identified in this review point toward productive areas for future research. A third and final broad
conclusion is that despite being a limited and siloed body
of research, collectively this work adds strength to the
claim that teaching knowledge is an important factor
influencing evidence-based teaching. Attention to teaching knowledge should be a priority for research, teaching
professional developers, developers of evidence-based
strategies and curriculum, and funding agencies who aim
to promote and support the adoption and effective implementation of evidence-based teaching in undergraduate
STEM. Next, we describe seven implications of the findings that we see for future research on teaching knowledge and research focused on evidence-based teaching.
Prioritize studies of knowledge‑in‑use

Future teaching knowledge research should prioritize studies of knowledge that instructors rely on while
engaging in the acts of teaching (i.e., knowledge-inuse, enacted PCK). Knowledge deployed in the context
of teaching is what most directly influences instructional practices and instructional practices create learning opportunities for students. As has been true in K12
contexts (e.g., Chan & Hume, 2019; Hoover et al., 2016)
studies of teaching knowledge in undergraduate STEM
more commonly focused on declarative knowledge, and
this was particularly true in some disciplines (Table 3).
Though studies of declarative knowledge certainly
have value, we cannot assume that the findings reveal
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knowledge that undergraduate STEM instructors actually
deploy in their teaching.
Theoretical frameworks of teaching knowledge offer
useful lenses for future studies of knowledge-in-use. The
current predominance of studies of declarative knowledge constitutes a drift from some of the most influential
conceptualizations of teaching knowledge. For example, an early conceptualization of PCK considered it to
be a “dynamic construct that describes the processes
that teachers employed when confronted with the challenge of teaching particular subjects to particular learners in particular settings” (Berry et al., 2015, page 9). The
originators of the MKT framework sought to understand
the “work teachers do in teaching mathematics” because
they saw it as the only direct way to reveal the nature of
knowledge needed for teaching (Ball et al., 2008, page
390). These scholars conceptualized teaching knowledge
as inextricably linked to teaching practice.
There have also been more recent calls for teaching
knowledge research situated in the context of instructors’
own teaching. Recent efforts to build consensus among
K12 PCK scholars concluded that “classroom practice is
the location of PCK” (Gess-Newsome, 2015, page 36).
The most recent PCK model, the Refined Consensus
Model of PCK, proposes three distinct realms of PCK:
collective PCK, personal PCK, and enacted PCK. Enacted
PCK is the knowledge that is deployed throughout the
teaching cycle of planning, implementing, and reflecting
on instruction and includes the reasoning behind instructional decisions (Carlson et al., 2019). This conceptualization may be useful to researchers as they pursue studies
of knowledge-in-use. We also point researchers toward
other theoretical frameworks as potential grounding for
studies of knowledge-in-use, including teacher noticing
(e.g., Sherin et al., 2011, Kaiser et al., 2015) and teacher
listening (e.g., Johnson & Larsen, 2012).
Another important reason for studying knowledgein-use among college STEM instructors is that teacher
learning may be closely linked to knowledge deployed
while teaching and reflecting on teaching. For example,
Chan and Yung (2015) studied experienced high school
instructors who were teaching a lesson for the first
time, and found that instructors experienced “on site”
PCK development as they taught and reflected on that
teaching, and that PCK development was facilitated by
strong content knowledge and pedagogical knowledge.
We identified few studies of knowledge development
among undergraduate STEM instructors (Bolitzer, 2021;
Frank & Speer, 2012; Seung, 2013), yet investigations of
in-the-moment knowledge development and longitudinal development have the potential to contribute to our
understanding of how to support instructors’ knowledge
growth. College STEM instructors generally have few
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formal opportunities to develop as teachers, and ongoing
teaching professional development may not be encouraged nor rewarded within STEM departments. Therefore, the development of key teaching knowledge may
occur primarily through experience in the practice of
teaching and in communicating with colleagues. Studying knowledge-in-use may afford the opportunity to document knowledge development.
Explore the role of teaching experience in knowledge
development

In the reviewed work, teaching experience was often
under conceptualized. Most commonly, experience
was determined based on a single metric, such as selfreported terms or years of teaching. This approach seems
based on the assumption that teaching experience results
in increased knowledge, but some research indicates
that experience is necessary but insufficient for knowledge development (e.g., Chan & Yung, 2018). Therefore,
experience cannot be assumed to be a valid indicator of
teaching knowledge. We recommend that future work
include careful consideration of experience, particularly
when aiming to compare across levels of teaching knowledge. This implication applies particularly to studies of
teaching knowledge for evidence-based teaching. Most
work looking closely at the relationship between evidence-based teaching and teaching knowledge focused
on instructors who are inexperienced with evidencebased teaching. Such work has allowed for important discoveries about the ways in which instructors struggle to
enact evidence-based teaching when they lack particular
teaching knowledge (e.g., Johnson & Larsen, 2012; Speer
& Wagner, 2009; Wagner et al., 2007). However, the current body of teaching knowledge research leaves many
open questions about the role that teaching knowledge
plays in expert practice. Potentially fruitful avenues for
future research include investigations of expert evidencebased instructors, comparisons of instructors with different levels of expertise, and studies of whether and how
collaborative co-teaching between more and less expert
instructors supports knowledge development.
Seek explicit connections and collaborations across STEM
disciplines

One key implication of this systematic review is that
future teaching knowledge research would benefit from
connections and collaborations across STEM disciplines.
Work that is siloed by discipline can have more limited
impact and may not build upon, nor contribute to, our
broader understanding of teaching knowledge and the
role it plays in effective instruction in undergraduate
STEM education. This review can serve as a resource to
researchers, helping to bridge between disciplines. We
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have clarified differences in terminology, theory, and
methodology that can otherwise make it difficult to leverage research from another discipline (Table 1). We also
identified work from multiple STEM disciplines, aiding
researchers in finding relevant work outside of their own
discipline (see full list of reviewed papers in Additional
file 2). We propose that the standard for future teaching
knowledge research should be to make explicit connections to relevant work in other STEM disciplines. This
call echoes those made by prior reviews in related areas
that have similarly called for more communication across
research communities and more explicit focus on building on prior work (Beach et al., 2012; Reinholz et al.,
2021).
We envision multiple ways that future research can
pursue connections across disciplines. The most fundamental step that researchers can take is to explicitly
link their research to prior work in their writing. This
can occur in the introduction and discussion of research
papers and is essential to helping readers recognize how
new research findings relate to what is already known.
Making these connections explicit for readers also serves
authors because it will result in work being read across
disciplines, rather than primarily within one discipline.
Another exciting path for making connections across
disciplines is investigating components of knowledge
that have not yet been studied or are understudied in a
discipline. This work could leverage research in another
discipline. For example, specialized content knowledge
has been studied only in mathematics. This knowledge
component (possibly in concert with common content
knowledge and knowledge of student understanding) is
used to make sense of and determine the validity of students’ written and spoken work. Yet there are studies of
teaching knowledge in biology and other disciplines that
have examined instructor sense-making while teaching
without any consideration of specialized content knowledge (e.g., Andrews et al., 2019). In what ways is specialized content knowledge relevant outside of mathematics?
What role does it play in teaching planning and lesson
implementation? These questions may be highly relevant
to evidence-based teaching and yet are uninvestigated.
In addition to connecting findings to other disciplines
and investigating understudied knowledge components,
there is considerable room for cross-disciplinary work to
better understand differences and similarities in teaching
knowledge across disciplines. For example, one promising space for future work is investigating how pedagogical knowledge varies across disciplines. This form of
teaching knowledge has been conceptualized as generalizable across topics (e.g., Auerbach & Andrews, 2018;
König et al., 2014; Morine-Dershimer & Kent, 1999), so
it is reasonable to hypothesize that similar pedagogical
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knowledge could be useful across STEM disciplines.
Alternatively, pedagogies and courses may be sufficiently
different across STEM disciplines that, for example,
chemistry instructors need distinct pedagogical knowledge from mathematics instructors. Future research
should examine the extent to which findings from one
discipline can be leveraged in another, as this could create a larger base of findings to inform theory and practice in individual disciplines. The result of such research
is also highly relevant to centers and programs responsible for teaching professional development. If pedagogical knowledge is largely discipline-specific, then teaching
professional development should be as well. If important
pedagogical knowledge is similar across STEM disciplines, then teaching professional development could
effectively target broader faculty audiences.
To truly break down silos, we likely need researchers reaching across disciplines. With that in mind, we
strongly encourage cross-disciplinary collaborations
among researchers interested in teaching knowledge. The
collaboration that we undertook to complete this work
has helped each of us to expand and refine our thinking. It has informed our ongoing research and opened
our eyes to future research avenues. We have also come
to appreciate differences in the discipline-based research
histories, cultures, and communities, which can be hard
to notice and account for as an outsider.
Test how theory developed in K12 contexts does and does
not apply in undergraduate STEM

A fourth implication of this review is that future work
should explicitly consider the ways in which theory
developed in K12 contexts applies and does not apply
in undergraduate STEM contexts. As described in the
introduction, both PCK and MKT frameworks were
developed based on studies of K12 teachers. The fact that
these theories guided most of the work reviewed herein
demonstrates that researchers have found these theories
valuable in understanding teaching knowledge among
undergraduate STEM instructors. However, differences
in the educational background, instructional context, and
teaching preparation of college instructors compared to
K12 teachers may result in relevant differences in the use
and development of teaching knowledge. Thus, there is
a need to inquire into whether and how teaching knowledge theories represent and provide explanatory power
for teaching in an undergraduate STEM context. A few
papers considered how teaching knowledge theory translates to undergraduate contexts (e.g., Nuzzi et al., 2020;
Speer et al., 2015), but this has not yet been the explicit
focus of empirical work. Future work should aim to go
beyond adopting some or all of a theory as a guiding lens,
and instead test whether and how an existing framework
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of teaching knowledge characterizes, predicts, or explains
new evidence. What is learned from deliberate inquiries
into theory can help advance our collective understanding of undergraduate teaching, as well as advancing theory in a way that is relevant at all educational levels.
Expand research on teaching knowledge
for evidence‑based teaching

Research examining teaching knowledge in the context
of evidence-based teaching is sparse, but creates a solid
foundation on which researchers can build. The reviewed
work most strongly supports the role of the knowledge of
student understanding (i.e., a PCK component) in effective evidence-based teaching, but there are many open
questions about what knowledge is crucial. The existing
research studied mathematics and biology courses, and
bears replication across disciplines and with a greater
diversity of faculty. Importantly, knowledge of student understanding may seem to be most important to
evidence-based teaching only because it has most often
been studied. Other unexplored knowledge may be just
as important. For example, much of the existing work
studied mathematics instructors who were implementing
research-based curricula, and therefore were not designing lessons themselves. Most undergraduate courses
lack such rigorously developed curricula and therefore
instructors design their own lesson materials, potentially
relying heavily on knowledge of instructional strategies
and representations. Therefore, this PCK component
warrants further exploration. Similarly, only one study
has examined pedagogical knowledge-in-use (Andrews
et al., 2019), leaving many questions about which pedagogical knowledge is important to which practices and in
which contexts.
There are also bodies of knowledge yet uninvestigated
that may be particularly important to new and growing efforts to support inclusive teaching and culturally responsive teaching, which we see as two kinds of
evidence-based teaching. At the K12 level, teachers’
awareness and understanding of culture is critical for
the success of these pedagogies (Gay, 2002; Gay & Kirkland, 2003; Sheets, 2004; Sleeter & Thao, 2007). Relatedly,
researchers have considered the role of STEM instructors’ racial consciousness and racial noticing in creating
equitable and just learning environments for all students
(e.g., Haynes & Patton, 2019; Shah & Coles, 2020). Considering this work, we hypothesize that knowledge of
culture, identity, and systems of oppression are likewise
essential to realizing the positive impact of inclusive and
culturally responsive practices at the undergraduate level.
These teaching knowledge domains have not yet been
the subject of research, but we look forward to future
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insights about the role of such knowledge, alone and in
relation to the components of teaching knowledge.
Use research on teaching knowledge in design and efficacy
testing of evidence‑based teaching practices

The results of this review also have a critical implication
for researchers who develop, refine, and test the efficacy
of evidence-based teaching practices. Understanding
college instructors’ teaching knowledge as it relates to
evidence-based practices is necessary for the successful development and dissemination of these approaches.
However, teaching innovations are often designed without consideration of the knowledge teachers will need to
successfully use them and how the requisite knowledge
varies by context. Careful studies of the implementation of evidence-based teaching practices show tremendous variation across instructors (e.g., Chase et al., 2013;
Dancy et al., 2016; Turpen & Finkelstein, 2009; Waugh
& Andrews, 2020). These differences in implementation matter because often instructors are adapting or
eliminating components of a strategy that are essential
to improving student learning (e.g., Dancy et al., 2016),
potentially rendering the strategies no better than traditional lecturing. Further, teachers may need to adapt
evidence-based practices because their teaching context differs from the context in which the practice was
developed (Brown et al., 2009). For this reason, it is
essential that we also understand the choices that teachers make when adapting these practices and how their
choices relate to the teaching knowledge they hold, as
well as knowledge about their students and their teaching context (Buxton et al., 2015). Careful attention to the
teaching knowledge needed to effectively implement evidence-based strategies may considerably broaden their
effective use and thereby the positive impact on student
outcomes.
Given the important role that teaching knowledge can
play in evidence-based teaching, as synthesized in this
review, we advocate for careful attention to the teaching knowledge that will be needed to effectively use new
teaching innovations and evidence-based strategies.
Developers and researchers can increase the impact of
their work by considering teaching knowledge from the
beginning. Evidence of the effectiveness of a teaching
innovation or strategy should routinely include documentation of the essential teaching knowledge as well as
guidance and resources to help develop this knowledge.
As a scholarly community, we value evidence-based practices for their potential to improve student outcomes, but
the actual impact of these strategies on students depends
greatly on their implementation by STEM faculty. Therefore, we cannot advance STEM education if we do not
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attend directly to the teaching knowledge that instructors
need to help students achieve improved outcomes.
Examine how teaching knowledge influences student
outcomes in undergraduate STEM

A pivotal avenue for future research is investigating the
relationship between teaching knowledge and student
outcomes. Testing this association is key to determining
which teaching knowledge helps instructors to achieve
the potential benefits of evidence-based strategies and
understanding which students benefit as a consequence
of their knowledge when applying these strategies. Furthermore, examining this relationship can help us understand how teaching knowledge plays a role in achieving
positive student outcomes. Studies of the relationship
between teaching knowledge and student outcomes are
also rare in K12 education, but a few seminal studies have
demonstrated a relationship between teaching knowledge and student outcomes, and thereby raised important questions about how we should be preparing and
supporting teachers in their work (e.g., Hill et al., 2005;
Kanter & Konstantopoulos, 2010; Sadler et al., 2013).
We offer a few notes of caution for those interested in
pursuing fundamental research about teaching knowledge and student outcomes. It is tempting to consider the
development of a survey instrument to measure teaching
knowledge because surveys can be easily administered to
many participants. Yet the effect of teaching knowledge
on student outcomes must be mediated by instructional
practices, and therefore studies of knowledge-in-use,
which tend to involve more labor-intensive data collection and constrained sample sizes, are likely to provide
more insights into how teaching knowledge influences
student outcomes. Another challenge of such research
will be the topic-specific nature of PCK, which narrows
the sample of instructors whose knowledge can be meaningfully compared. Lastly, students’ learning and other
experiences are impacted by many factors beyond teaching knowledge, and research designs will need to account
for this variation in order to detect an effect of teaching
knowledge on student outcomes.

Conclusions
This systematic analysis of existing work highlights innumerable avenues for future research on teaching knowledge in the context of undergraduate STEM education.
We propose that fostering the development of teaching knowledge in undergraduate STEM instructors is
essential to achieving the promised benefits of evidencebased teaching for diverse undergraduates. Therefore, it
is imperative that researchers pursue questions in this
area and collaborate with those responsible for teaching
professional development to translate their foundational
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discoveries into real changes in students’ learning
opportunities.
Abbreviations
STEM: Science, technology, engineering, and mathematics; PCK: Pedagogical content knowledge; MKT: Mathematical knowledge for teaching; PK:
Pedagogical knowledge; K12: Kindergarten through 12th grade in American
education system.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s40594-022-00380-w.
Additional file 1. List of journals and conference proceedings.
Additional file 2. Full list of reviewed papers.
Acknowledgements
We thank the organizers of the Transforming Research in Undergraduate STEM
Education (TRUSE) conference in 2017 for bringing us together, which led to
the conversations that eventually became this project. Thank you also to Lee
Zia for sparking the conversation that brought the authors together. Thank
you to anonymous reviewers for constructive feedback that improved the
quality of this manuscript.
Author contributions
All authors conceived of the work, conducted the search for articles, completed analyses, and contributed to writing the manuscript. All authors read
and approved the final manuscript.
Funding
Support for this work was provided by the National Science Foundation’s
Division of Undergraduate Education under Grant number 1845886 and Division of Research on Learning Grant number 2045505. Any opinions, findings,
conclusions, or recommendations expressed in this material are those of
the authors and do not necessarily reflect the views of the National Science
Foundation.
Availability of data and materials
The final list of papers included in this review, and the results of our analyses
of those papers are included in additional materials.

Declarations
Competing interests
The authors declare that they have no competing interests.
Author details
1
Department of Genetics, University of Georgia, 120 East Green St., Athens, GA
30602, USA. 2 Department of Mathematics and Statistics, University of Maine,
234 Neville Hall, Orono, ME 04469, USA. 3 Department of Chemistry, University
of Michigan, 930 N. University Ave, Ann Arbor, MI 48109, USA.
Received: 28 January 2022 Accepted: 24 September 2022

References
Alonzo, A. C., & Kim, J. (2016). Declarative and dynamic pedagogical content
knowledge as elicited through two video-based interview methods.
Journal of Research in Science Teaching, 53(8), 1259–1286. https://doi.org/
10.1002/tea.21271
Anderson, W. A., Banerjee, U., Drennan, C. L., Elgin, S. C. R., Epstein, I. R., Handelsman, J., Hatfull, G. F., Losick, R., O’Dowd, D. K., Olivera, B. M., Strobel, S.

Andrews et al. International Journal of STEM Education

(2022) 9:66

A., Walker, G. C., & Warner, I. M. (2011). Changing the culture of science
education at research universities. Science, 331(6014), 152–153.
Andrews, T., Auerbach, A., & Grant, E. F. (2019). Exploring the relationship
between teacher knowledge and active-learning implementation in
large college biology courses. CBE Life Sciences Education, 18(4), 1–17.
https://doi.org/10.1187/cbe.19-01-0010
Andrews, T., Leonard, M. J., Colgrove, C. A., & Kalinowski, S. T. (2011). Active
learning not associated with student learning in a random sample of college biology courses. CBE Life Sciences Education, 10(4), 394–405. https://
doi.org/10.1187/cbe.11-07-0061
Auerbach, A. & Andrews, T. (2018). Pedagogical knowledge for active-learning
instruction in large undergraduate biology courses: a large-scale qualitative investigation of instructor thinking. International Journal of STEM
Education, 5(1).
Auerbach, A., Higgins, M., Brickman, P., & Andrews, T. (2018). Teacher knowledge for active-learning instruction: Expert–novice comparison reveals
differences. CBE Life Sciences Education, 17(1), 1–14. https://doi.org/10.
1187/cbe.17-07-0149
Baldwin, N., & Orgill, M. K. (2019). Relationship between teaching assistants’
perceptions of student learning challenges and their use of external
representations when teaching acid-base titrations in introductory
chemistry laboratory courses. Chemistry Education Research and Practice,
20(4), 821–836. https://doi.org/10.1039/c9rp00013e
Ball, D. L., Hoover Thames, M., & Phelps, G. (2008). Content knowledge for
teaching: What makes it special? Journal of Teacher Education, 59(5),
389–407.
Beach, A. L., Henderson, C., & Finkelstein, N. (2012). Facilitating change in
undergraduate STEM education. Change the Magazine of Higher Learning,
44(6), 52–59.
Berry, A., Friedrichsen, P. J. & Loughran, J. (2015). Re-examining pedagogical
content knowledge in science education (A. Berry, P. J. Friedrichsen, & J.
Loughran (eds.)). Routledge.
Bolitzer, L. A. (2021). “A Two-Way Street”: Adjunct faculty’s learning from and
with students about subject matter. College Teaching. https://doi.org/10.
1080/87567555.2021.1901067
Bond-Robinson, J. (2005). Identifying pedagogical content knowledge (PCK) in
the chemistry laboratory. Chemistry Education Research and Practice, 6(2),
83–103. https://doi.org/10.1039/B5RP90003D
Brickman, P., Gormally, C., & Martella, A. M. (2016). Making the grade: Using
instructional feedback and evaluation to inspire evidence-based teaching. CBE Life Sciences Education, 15(4), 1–14. https://doi.org/10.1187/cbe.
15-12-0249
Brown, S., Pitvorec, K., Ditto, C., & Kelso, C. R. (2009). Reconceiving fidelity of
implementation: An investigation of elementary whole-number lessons.
Journal for Research in Mathematics Education, 40(4), 363–395.
Buxton, C. A., Allexsaht-Snider, M., Kayumova, S., Aghasaleh, R., Choi, Y. J., &
Cohen, A. (2015). Teacher agency and professional learning: Rethinking fidelity of implementation as multiplicities of enactment. Journal of
Research in Science Teaching, 52(4), 489–502. https://doi.org/10.1002/tea.
21223
Carlson, J., Daehler, K. R., Alonzo, A. C., Barendsen, E., Berry, A., Borowski, A.,
Carpendale, J., Chan, K. K. C., Cooper, R., Friedrichsen, P., Gess-Newsome,
J., Henze-Rietveld, I., Hume, A., Kirschner, S., Liepertz, S., Loughran, J.,
Mavhunga, E., Neumann, K., Nilsson, P., ... & Wilson, C. D. (2019). The
refined consensus model of pedagogical content knowledge in science
education. In A. Hume, R. Cooper & A. Borowski (Eds.), Repositioning
pedagogical content knowledge in teachers’ knowledge for teaching science
(pp. 77–94). Springer.
Chan, K. K. H. & Hume, A. (2019). Towards a consensus model: Literature review
of how science teachers’ pedagogical content knowledge is investigated
in empirical studies. In Repositioning Pedagogical Content Knowledge
in Teachers’ Knowledge for Teaching Science. https://doi.org/10.1007/
978-981-13-5898-2_1
Chan, K. K. H., & Yung, B. H. W. (2015). On-site pedagogical content knowledge
development. International Journal of Science Education, 8, 1246–1278.
Chan, K. K. H., & Yung, B. H. W. (2018). Developing pedagogical content
knowledge for teaching a new topic: More than teaching experience and
subject matter knowledge. Research in Science Education, 48(2), 233–265.
https://doi.org/10.1007/s11165-016-9567-1
Chase, A., Pakhira, D., & Stains, M. (2013). Implementing process-oriented,
guided-inquiry learning for the first time: Adaptations and short-term

Page 19 of 21

impacts on students’ attitude and performance. Journal of Chemical
Education, 90(4), 409–416.
Cohen, D. K. & Ball, D. L. (Eds.). (1990). Educational Evaluation and Policy
Analysis (Vol. 12, Issue 3).
Connor, M. C., & Shultz, G. V. (2018). Teaching assistants’ topic-specific
pedagogical content knowledge in 1H NMR spectroscopy. Chemistry
Education Research and Practice, 19(3), 653–669. https://doi.org/10.
1039/c7rp00204a
Dancy, M., Henderson, C., & Turpen, C. (2016). How faculty learn about and
implement research-based instructional strategies: The case of Peer
Instruction. Physical Review Physics Education Research, 12(1), 1–17.
https://doi.org/10.1103/PhysRevPhysEducRes.12.010110
Daubenmire, P. L., Bunce, D. M., Draus, C., Frazier, M., Gessell, A., & van Opstal,
M. T. (2015). During POGIL implementation the professor still makes a
difference. Journal of College Science Teaching, 44(5), 72–81.
Delgado-Rebolledo, R., & Zakaryan, D. (2020). Relationships between the
knowledge of practices in mathematics and the pedagogical content
knowledge of a mathematics lecturer. International Journal of Science
and Mathematics Education, 18(3), 567–587. https://doi.org/10.1007/
s10763-019-09977-0
Depaepe, F., Verschaffel, L., & Kelchtermans, G. (2013). Pedagogical content
knowledge: A systematic review of the way in which the concept has
pervaded mathematics educational research. Teaching and Teacher
Education, 34, 12–25. https://doi.org/10.1016/j.tate.2013.03.001
Deshler, J., Hauk, S., & Speer, N. (2015). Mathematics Graduate Students:
Teaching Assistants (TAs) and Professional Development for Teaching
in the U.S. Notices of the American Mathematical Society, 62(6), 638–643.
Fennema, E., Franke, M., Carpenter, T., & Carey, D. (1993). Using children’s
mathematical knowledge in instruction. American Educational Research
Journal, 30(3), 555–583.
Fernández-Balboa, J. M., & Stiehl, J. (1995). The generic nature of pedagogical content knowledge among college professors. Teaching and
Teacher Education, 11(3), 293–306.
Firouzian, S. & Speer, N. (2015). Integrated mathematics and science knowledge for teaching framework: Knowledge used in teaching applied
derivative problems. In T. Fukawa-Connelly, N. Infante, K. Keene & M.
Zandieh (Eds.), Proceedings of the 18th Annual Conference on Research in
Undergraduate Mathematics Education (pp. 526–538).
Fortune, N. & Keene, K. A. (2019). A mathematician’s instructional change
endeavors: Pursuing students’ mathematical thinking. In A. Weinberg,
D. Moore-Russo, H. Soto & M. Wawro (Eds.), Proceedings of the 22nd
Annual Conference on Research in Undergraduate Mathematics Education
(pp. 222–230).
Frank, B. & Speer, N. (2012). On the Job Learning: Instructors’ Development
of Knowledge for Teaching. In Preparation for Submission to Cognition &
Instruction.
Freeman, S., Eddy, S. L., McDonough, M., Smith, M. K., Okoroafor, N., Jordt,
H., & Wenderoth, M. P. (2014). Active learning increases student performance in science, engineering, and mathematics. Proceedings of the
National Academy of Sciences, 111(23), 8410–8415.
Ganter, S. (2001). Changing Calculus: A Report on Evaluation Efforts and
National Impact from 1988 to 1998 (Vols. 56, MAA No). Mathematical
Association of America.
Gay, G. (2002). Preparing for culturally responsive teaching. Journal of
Teacher Education, 53(2), 106–116.
Gay, G., & Kirkland, K. (2003). Developing cultural critical consciousness and
self-reflection in preservice teacher education. Theory into Practice,
42(3), 181–187. https://doi.org/10.1207/s15430421tip4203_3
Gess-Newsome, J. (2015). A model of teacher professional knowledge and
skill including PCK: Results of the thinking from the PCK summit. In
J. L. A. Berry & P. Friedrichsen (Eds.), Reexamining pedagogical content
knowledge in science education (pp. 28–42). Routledge.
Grossman, P. L., & Richert, A. E. (1988). Unacknowledged knowledge growth:
A re-examination of the effects of teacher education. Teaching and
Teacher Educationeacher Education, 4(1), 53–62.
Hale, L. V. A., Lutter, J. C., & Shultz, G. V. (2016). The development of a tool
for measuring graduate students’ topic specific pedagogical content
knowledge of thin layer chromatography. Chemistry Education Research
and Practice, 17(4), 700–710. https://doi.org/10.1039/c5rp00190k

Andrews et al. International Journal of STEM Education

(2022) 9:66

Hanauer, D. I., & Bauerle, C. (2015). The Faculty Self-Reported Assessment
Survey (FRAS): Differentiating faculty knowledge and experience in
assessment. CBE Life Sciences Education, 14(2), ar17.
Hauk, S., Toney, A., Jackson, B., Nair, R. & Tsay, J.-J. (2013). Illustrating A Theory
of Pedagogical Content Knowledge for Secondary and Post-Secondary
Mathematics Instruction. In S. Brown, G. Karakok, K. H. Roh & M. Oehrtman (Eds.), Proceedings of the 16th Annual Conference on Research in
Undergraduate Mathematics Education (p. (2)363-(2)371).
Haynes, C., & Patton, L. D. (2019). From racial resistance to racial consciousness:
Engaging white STEM faculty in pedagogical transformation. Journal of
Cases in Educational Leadership, 22(2), 85–98. https://doi.org/10.1177/
1555458919829845
Henderson, C., & Dancy, M. H. (2009). Impact of physics education research on
the teaching of introductory quantitative physics in the United States.
Physical Review Special Topics Physics Education Research, 5(2), 1–9. https://
doi.org/10.1103/physrevstper.5.020107
Hill, H., Rowan, B., & Ball, D. L. (2005). Effects of teachers’ mathematical
knowledge for teaching on student achievement. American Educational
Research Journal, 42(2), 371–406.
Holdren, J. P. & Lander, E. S. (2012). Engage to excel: Producing one million additional college graduates with degrees in science, technology, engineering,
and mathematics.
Hoover, M., Mosvold, R., Ball, D. L., & Lai, Y. (2016). Making progress on mathematical knowledge for teaching. The Mathematics Enthusiast, 13(1), 3–34.
Johnson, E. M. S. (2012). Mathematical Activity for Teaching. In S. Brown, S.
Larsen, K. Marrongelle & M. Oehrtman (Eds.), Proceedings of the 15th
Annual Conference on Research in Undergraduate Mathematics Education
(p. (1)256-(1)269).
Johnson, E. M. S., Andrews-Larson, C., Keene, K., Melhuish, K., Keller, R., &
Fortune, N. (2020). Inquiry and gender inequity in the undergraduate
mathematics classroom. Journal for Research in Mathematics Education,
51(4), 504–516.
Johnson, E. M. S., & Larsen, S. (2012). Teacher listening: The role of knowledge
of content and students. Journal of Mathematical Behavior, 31(1), 117–129.
https://doi.org/10.1016/j.jmathb.2011.07.003
Kanter, D. E., & Konstantopoulos, S. (2010). The impact of a project-based science curriculum on minority student achievement, attitudes, and careers:
The effects of teacher content and pedagogical content knowledge and
inquiry-based practices. Science Education, 94(5), 855–887. https://doi.
org/10.1002/sce.20391
Keller, M. M., Neumann, K., & Fischer, H. E. (2017). The impact of physics
teachers’ pedagogical content knowledge and motivation on students’
achievement and interest. Journal of Research in Science Teaching, 54(5),
586–614. https://doi.org/10.1002/tea.21378
König, J., Blömeke, S., Klein, P., Suhl, U., Busse, A., & Kaiser, G. (2014). Is teachers’
general pedagogical knowledge a premise for noticing and interpreting
classroom situations? A video-based assessment approach. Teaching and
Teacher Education, 38, 76–88.
Laursen, S. L., Hassi, M.-L., Kogan, M., & Weston, T. J. (2014). Benefits for women
and men of inquiry-based learning in college mathematics: A multiinstitution study. Journal for Research in Mathematics Education, 45(4),
406–418. https://doi.org/10.5951/jresematheduc.45.4.0406
Lawrie, G. A., Schultz, M., Bailey, C. H., & Dargaville, B. L. (2019). Personal
journeys of teachers: An investigation of the development of teacher
professional knowledge and skill by expert tertiary chemistry teachers.
Chemistry Education Research and Practice, 20(1), 132–145. https://doi.org/
10.1039/c8rp00187a
Lee, S. H., Keene, K. A., Lee, J. T., Holstein, K., Early, M. E. & Eley, P. (2009). Pedagogical content moves in an inquiry-oriented differential equations class:
Purposeful decisions to further mathematical discourse. Proceedings of
the 12th Annual Conference on Research in Undergraduate Mathematics
Education.
Liang, B. (2019). Construction and application perspective: A review of
research on teacher knowledge relevant to student-teacher interaction.
In A. Weinberg, D. Moore-Russo, H. Soto & M. Wawro (Eds.), Proceedings
of the 22nd Annual Conference on Research in Undergraduate Mathematics
Education (pp. 35–43).
Loughran, J., Mulhall, P., & Berry, A. (2004). In search of pedagogical content
knowledge in science: Developing ways of articulating and documenting professional practice. Journal of Research in Science Teaching, 41(4),
370–391.

Page 20 of 21

Luft, J. A., Kurdziel, J. P., Roehrig, G. H., & Turner, J. (2004). Growing a garden
without water: Graduate teaching assistants in introductory science laboratories at a doctoral/research university. Journal of Research in Science
Teaching, 41(3), 211–233.
Lutter, J. C., Hale, L. V. A., & Shultz, G. V. (2019). Unpacking graduate students’
knowledge for teaching solution chemistry concepts. Chemistry Education Research and Practice, 20(1), 258–269. https://doi.org/10.1039/c8rp0
0205c
Mack, M. R., & Towns, M. H. (2016). Faculty beliefs about the purposes for
teaching undergraduate physical chemistry courses. Chemistry Education
Research and Practice, 17(1), 80–99. https://doi.org/10.1039/c5rp00148j
Magnusson, S., Krajcik, J., & Borko, H. (1999). Nature, sources, and development
of pedagogical content knowledge for science teaching. In J. Gess-Newsome & N. Lederman (Eds.), Examining pedagogical content knowledge: The
construct and its implications for science education (pp. 95–132). Kluwer.
Maries, A., & Singh, C. (2013). Exploring one aspect of pedagogical content
knowledge of teaching assistants using the test of understanding graphs
in kinematics. Physical Review Special Topics Physics Education Research,
9(2), 1–14. https://doi.org/10.1103/PhysRevSTPER.9.020120
Maries, A., & Singh, C. (2016). Teaching assistants’ performance at identifying
common introductory student difficulties in mechanics revealed by the
Force Concept Inventory. Physical Review Physics Education Research, 12(1),
1–26. https://doi.org/10.1103/PhysRevPhysEducRes.12.010131
Maries, A., & Singh, C. (2019). Exploring pedagogical content knowledge of
physics instructors using the force concept inventory. AIP Conference
Proceedings, 2109(June), 1–5. https://doi.org/10.1063/1.5110146
McCrory, R., Floden, R. E., Ferrini-Mundy, J., Reckase, M., & Senk, S. (2012).
Knowledge of algebra for teaching: A framework of knowledge and practices. Journal for Research in Mathematics Education, 43(5), 584–615.
Miller, E. (2018). Mathematical Knowledge for Teaching Examples in Precalculus: A Collective Case Study. In A. Weinberg, C. Rasmussen, J. Rabin,
M. Wawro & S. Brown (Eds.), Proceedings of the 21st Annual Conference on
Research in Undergraduate Mathematics Education (pp. 796–806).
Morine-Dershimer, G., & Kent, T. (1999). The complex nature and sources of
teachers’ pedagogical knowledge. In J. Gess-Newsome & N. Lederman
(Eds.), Examining Pedagogical Content Knowledge (pp. 21–50). Kluwer
Academic.
Nuzzi, J., Murray, E. & Golnabi, A. (2020). Working Towards a Unifying Framework for Knowledge for Teaching Mathematics. In S. S. Karunakaran, Z.
Reed & A. Higgins (Eds.), Proceedings of the 23rd Annual Conference on
Research in Undergraduate Mathematics Education (pp. 707–715).
Offerdahl, E. G., McConnell, M., & Boyer, J. (2018). Can i have your recipe? Using
a fidelity of implementation (FOI) framework to identify the key ingredients of formative assessment for learning. CBE Life Sciences Education,
17(4), 1–9. https://doi.org/10.1187/cbe.18-02-0029
Opfer, J. E., Nehm, R. H., & Ha, M. (2012). Cognitive foundations for science
assessment design: Knowing what students know about evolution.
Journal of Research in Science Teaching, 49(6), 744–777. https://doi.org/10.
1002/tea.21028
Padilla, K., & Van Driel, J. (2011). The relationships between PCK components:
The case of quantum chemistry professors. Chemistry Education Research
and Practice, 12(3), 367–378. https://doi.org/10.1039/C1RP90043A
Padilla, K., & Van Driel, J. H. (2012). Relationships among cognitive and emotional knowledge of teaching quantum chemistry at university level.
Educacion Quimica, 23, 311–326. https://doi.org/10.1016/S0187-893X(17)
30159-3
Park, S., & Chen, Y. C. (2012). Mapping out the integration of the components of pedagogical content knowledge (PCK): Examples from high
school biology classrooms. Journal of Research in Science Teaching, 49(7),
922–941. https://doi.org/10.1002/tea.21022
Park, S., Jang, J. Y., Chen, Y. C., & Jung, J. (2010). Is pedagogical content knowledge (PCK) necessary for reformed science teaching?: Evidence from an
Empirical Study. Research in Science Education, 41(2), 245–260. https://doi.
org/10.1007/s11165-009-9163-8
Park, S. & Oliver, J. S. (2008). Revisiting the Conceptualisation of Pedagogical
Content Knowledge (PCK): PCK as a Conceptual Tool to Understand Teachers
as Professionals. 38, 261–284. https://doi.org/10.1007/s11165-007-9049-6
Reinholz, D. L., White, I., & Andrews, T. (2021). Change theory in STEM higher
education: a systematic review. International Journal of STEM Education.
https://doi.org/10.1186/s40594-021-00291-2

Andrews et al. International Journal of STEM Education

(2022) 9:66

Robert, J., & Carlsen, W. S. (2017). Teaching and research at a large university:
Case studies of science professors. Journal of Research in Science Teaching,
54(7), 937–960. https://doi.org/10.1002/tea.21392
Rosenberg, M. B., Hilton, M. L., & Dibner, K. A. (2018). Indicators for monitoring
undergraduate STEM education. Indicators for Monitoring Undergraduate
STEM Education. https://doi.org/10.17226/24943
Sadler, P., Sonnert, G., Coyle, H. P., Cook-Smith, N., & Miller, J. L. (2013). The influence of teachers’ knowledge on student learning in middle school physical science classrooms. American Educational Research Journal., 50, 1020.
Schussler, E. E., Read, Q., Marbach-Ad, G., Miller, K., & Ferzli, M. (2015). Preparing
biology graduate teaching assistants for their roles as instructors: An
assessment of institutional approaches. CBE Life Sciences Education, 14(3),
1–11. https://doi.org/10.1187/cbe-14-11-0196
Settlage, J. (2013). On acknowledging PCK’s shortcomings. Journal of Science
Teacher Education, 24(1), 1–12.
Seung, E. (2013). The process of physics teaching assistants’ pedagogical
content knowledge development. International Journal of Science and
Mathematics Education, 11, 1303–1326.
Seymour, E. (2005). Partners in innovation: Teaching assistants in college science
teaching. Rowman and Littlefield.
Shah, N., & Coles, J. A. (2020). Preparing teachers to notice race in classrooms:
Contextualizing the competencies of preservice teachers with antiracist
inclinations. Journal of Teacher Education, 71(5), 584–599. https://doi.org/
10.1177/0022487119900204
Sheets, R. H. (2004). Preparation and development of teachers of color. International Journal of Qualitative Studies in Education, 17(2), 163–166. https://
doi.org/10.1080/09518390310001653844
Shulman, L. (1986). Those who understand: Knowledge growth in teaching.
Educational Researcher, 15(2), 4–14.
Sleeter, B. C., & Thao, Y. (2007). Guest editors’ introduction: Diversifying the
teaching force. Teacher Education Quarterly, 34(4), 3–8.
Speer, N., King, K., & Howell, H. (2015). Definitions of mathematical knowledge
for teaching: Using these constructs in research on secondary and college mathematics teachers. Journal of Mathematics Teacher Education,
18(2), 105–122. https://doi.org/10.1007/s10857-014-9277-4
Speer, N., & Wagner, J. (2009). Knowledge needed by a teacher to provide
analytic scaffolding during undergraduate mathematics classroom discussions. Journal for Research in Mathematics Education, 40(5), 530–562.
Stains, M., & Vickrey, T. (2017). Fidelity of implementation: An overlooked yet
critical construct to establish effectiveness of evidence-based instructional practices. CBE Life Sciences Education, 16(1), 1–11. https://doi.org/10.
1187/cbe.16-03-0113
Theobald, E. J., Hill, M. J., Tran, E., Agrawal, S., Arroyo, E. N., Behling, S., Chambwe,
N., Cintrón, D. L., Cooper, J. D., Dunster, G., & Grummer, J. A. (2020). Active
learning narrows achievement gaps for underrepresented students in
undergraduate science, technology, engineering, and math. Proceedings
of the National Academy of Sciences, 117(12), 6476–6483.
Turpen, C., & Finkelstein, N. D. (2009). Not all interactive engagement is the
same: Variations in physics professors’ implementation of Peer Instruction. Physical Review Special Topics Physics Education Research, 5(2), 1–18.
https://doi.org/10.1103/PhysRevSTPER.5.020101
Viiri, J. (2003). Engineering teachers’ pedagogical content knowledge. European Journal of Engineering Education, 28(3), 353–359. https://doi.org/10.
1080/0304379031000098265
Wagner, J., Speer, N., & Rossa, B. (2007). Beyond mathematical content knowledge: A mathematician’s knowledge needed for teaching an inquiryoriented differential equations course. Journal of Mathematical Behavior,
26, 247–266.
Waugh, A. H., & Andrews, T. (2020). Diving into the details: Constructing a
framework of random call components. CBE Life Sciences Education, 19(2),
1–17. https://doi.org/10.1187/cbe.19-07-0130
Weber, K. (2010). The pedagogical practice of mathematicians with respect to
proof. Proceedings for the Thirteenth SIGMAA on Research in Undergraduate
Mathematics Education (RUME) Conference.
Wilson, S., Floden, R., & Ferrini-Mundy, J. (2002). Teacher preparation research:
An insider’s view from the outside. Journal of Teacher Education, 53(3),
190–204.
Zotos, E. K., Moon, A. C., & Shultz, G. V. (2020). Investigation of chemistry graduate teaching assistants’ teacher knowledge and teacher identity. Journal
of Research in Science Teaching, 57(6), 943–967.

Page 21 of 21

Zotos, E. K., Tyo, J. J., & Shultz, G. V. (2021). University Instructors’ knowledge for
teaching organic reaction mechanisms. Chemistry Education Research and
Practice, 22, 715–732.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

