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Preface

Improvement in post-secondary education will require converting teaching

from a solo sport to a community-based research activity.

—Herb Simon

In August 1986, when I stepped onto the campus at the University of
Texas at Austin to begin college, I would not have imagined the transfor-
mational experience that my studies in electrical engineering would afford
me: a faculty career and my current role at the University of Texas System.
While there are many factors that have enabled this, an important one was
that T was fortunate to be able to successfully navigate the undergraduate
curriculum and use it to build upon the talents, skills, and motivation I
possessed. Being in the classroom as a faculty member made me realize that
what I experienced in my educational journey was not widely experienced.
There are many students who also have the talents, skills, and motivation
(sometimes more than I had) to complete science, technology, engineering,
and mathematics (STEM) majors and are not well served by the status quo.
For others, the STEM education they receive through general education,
other curricular requirements, or personal interest does not provide them
with the knowledge and skills needed to fully participate in an economy
and society where science and technology will continue to play a critical
role. This has serious implications for our economy and society, and we can

and must do better.

For the past two years, I have had the honor of chairing the Committee
on Equitable and Effective Teaching in Undergraduate STEM Education:
A Framework for Institutions, Educators, and Disciplines. My esteemed

xx111
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colleagues and I have been hard at work discussing how to change the
status quo that dominates current undergraduate STEM education. Our
approach, outlined in this report, features seven Principles for Equitable
and Effective Teaching in undergraduate STEM education. The Principles
outlined draw from the research base on what has been demonstrated to
lead improved equitable and effective teaching and learning. In order to
fully impact the entire undergraduate STEM education ecosystem, we dis-
cussed how these Principles would be enacted given variations in modes of
teaching (e.g., in-person, online, and hybrid), learning environments (e.g.,
the classroom, the laboratory, and the field), institutional contexts (e.g.,
two-year colleges, liberal arts colleges, and research universities), and across
multiple levels of the system (e.g., individual instructors, academic units,
and institutional leadership). We also contemplated the role that technology
(e.g., artificial intelligence, virtual reality) does and will play in support of
this effort.

Our development of the seven Principles greatly benefited from a public
discussion of a draft of the Principles presented at a Committee meeting
in December 2023. At that event, invited panelists and participants (both
in-person and virtually) provided us with invaluable feedback which has
helped the Committee refine its thinking and these Principles. We are incred-
ibly grateful to those who were able to participate in that discussion and
share their ideas.

Through its work, the Committee also recognized that the Principles
alone cannot lead to the change needed. As the quotation from Herb Simon
states at the beginning of this Preface, change must be a community-based
activity. Everyone from instructors to administrators to external partners
has an important role to play. To support this, the Committee also had
discussions about the importance of institutional infrastructure, academic
units and their leaders, and the policies and practices that define the envi-
ronment in which undergraduate STEM education occurs.

I feel confident that these factors, along with the Principles, will help
all institutions achieve equitable and effective teaching and learning for all
students. Taken as a whole, this report, its Principles, and the Committee’s
recommendations provide faculty, academic units, and institutions with a
playbook that will help them be successful on this journey.

Probably like all committee chairs that have come before me (and
those who will follow), I want to make sure that this report makes a differ-
ence. Given the time of this Committee’s report (early 2025), there are two
challenges worth mentioning here. The first are the conversations around
diversity, equity, and inclusion (also known as DEI) in higher education.
The evidence presented in this report makes the Committee’s position on
this issue clear: effective and equitable teaching benefits all students and is
intricately linked to excellence. While there are some who do benefit from
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the status quo, implementation of this report will ensure that students who
are currently underserved by higher education benefit as well. The benefits
of this implementation do not go just to these students: more equitable
learning environments benefit everyone. Given the current climate, there
are instructors who are committed to serving all students but do not feel
enabled to do this work. Success will require academic unit and institutional
leaders along with external partners such as disciplinary organizations to
be advocates for equity being a core value and the lens through which ef-
fective teaching is enabled.

The second challenge is related to the burnout felt by many in higher
education. While much of the focus has been on the mental health of stu-
dents (and rightly so), instructors and leaders in higher education are also
experiencing the same and similar issues. The Committee and I acknowl-
edge that integrating these Principles into learning environments and the
policies and practices of academic units and institutions is not easy work; it
will take time and focused effort. Having plans for both the short and long
terms coupled with appropriate incentives will be critical. Inviting instruc-
tors to co-create these plans is important in order to ensure that their needs
are appropriately assessed and the timeline to make meaningful change is
reasonable. Leaders also need to factor in the workload of those who will
do the work and ensure that the work is equitably shared by all (e.g., not
tasking an individual such as an instructor of color to do the work that is
everyone’s responsibility).

In the end, I think that the most important reason for creating equitable
and effective learning environments for all students is the impact on them,
their families and communities, and our nation. When I think about those
who will directly benefit from this work, my thoughts go to my niece’s
daughter. Currently four, she will be part of the Class of 2043. When she
enters the college/university of her choice, what I want for her most of all
is to be exposed to STEM in such a way that it is her choice on how STEM
impacts her life and career and that the system that educated her does not
make that decision for her and her classmates.

Archie Holmes, Chair

Committee on Equitable and Effective Teaching

in Undergraduate STEM Education: A Framework
for Institutions, Educators, and Disciplines
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Summary

The science, technology, engineering, and mathematics (STEM) work-
force has produced impressive advances in scientific understanding and
technology. Colleges and universities deserve enormous credit for their
direct (research) and indirect (education) contributions to these advances.
STEM education is a wonderful opportunity for people to learn about the
world around them; it helps them to become knowledgeable about natural
processes, technological innovations, and the built environment in ways
that enhance quality of life. It can also prepare them to pursue careers in
STEM fields. However, commonly used methods of teaching undergradu-
ate STEM education benefit only a relatively small percentage of learners,
leading many to choose not to enroll in STEM courses or pursue STEM
careers. This trend severely limits participation in the STEM careers that
play a critical role in our nation’s prosperity—driving economic growth,
seeding innovation, and fostering human well-being. It also means that
many students may complete their undergraduate education with a limited
understanding of science and of the natural and designed world. Indeed,
lack of access to equitable and effective STEM teaching hinders not only
the success of individuals and communities, but social and national progress

as well.

WHY THE REPORT IS NEEDED

Undergraduate STEM education occurs in many types of institutions
of varying sizes, with varying priorities and budgets, but all these types of
institutions share a responsibility for providing high-quality STEM learning

1
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experiences for students. However, many longstanding policies and prac-
tices in undergraduate STEM education have produced, perpetuated, and
exacerbated differences in opportunities, experiences, and outcomes among
post-secondary STEM students. For example, widespread use of teaching
strategies that are not supported by research have contributed to the dis-
parities in opportunity and outcomes for undergraduate STEM students.
Students from lower socio-economic backgrounds, students of color, first-
generation college goers, women, and students with disabilities have consis-
tently fared worse in post-secondary STEM education. Students from these
groups make up much of the current and future undergraduate population.
Educating them so that they can contribute to societal efforts to meet the
demands of the 21st century requires re-evaluating instructional practices
in STEM and improving the learning experiences of undergraduate students

in STEM courses and programs.

With this in mind, the Board on Science Education of the National
Academies of Sciences, Engineering, and Medicine convened the Committee
on Equitable and Effective Teaching in Undergraduate STEM Education:
A Framework for Institutions, Educators, and Disciplines to examine re-
search on learning, teaching, and institutional change in order to provide
guidance for undergraduate STEM educators and institutions on improving
undergraduate instruction and addressing existing disparities in STEM edu-
cation. This committee brought together individuals from many different
kinds of higher education institutions, who represent expertise across the

STEM disciplines.

The resulting report is designed to provide a common language and
structure for conversations across academia. By anchoring those conversa-
tions in a clear understanding of what is known about teaching, learning,
and equity, institutions and individuals across disciplines will better under-
stand their important role in changing the system. The report’s seven Prin-
ciples for Equitable and Effective Teaching, conclusions, recommendations,
and research agenda together provide a structure by which stakeholders
across post-secondary education can converse and plan in order to work
toward a system where all students at all institutions of higher education
can experience student-centered, equitable, and effective STEM learning ex-
periences. This complex conversation and the resulting actions will require
the cooperation and collaboration of all stakeholders, including instructors,
leaders of academic units (e.g., departments, programs), institutional lead-
ers, researchers, governing boards, professional societies, funders of STEM
education, and students themselves to achieve equitable and effective teach-

ing and learning for all.
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TOWARD EQUITABLE AND EFFECTIVE
LEARNING EXPERIENCES

Drawing on decades of research on learning and teaching, the com-
mittee analyzed the current institutional context for undergraduate STEM
education as well as the research literature on teaching, learning, and equity.
They used this analysis to develop a set of Principles for Equitable and Ef-
fective Teaching: approaches to STEM education that can guide the design
and enactment of more equitable pedagogical practices and the creation
of inclusive learning experiences in STEM. The Principles are as follows:

1. Students need opportunities to actively engage in disciplinary
learning.

Students’ diverse interests, goals, knowledge and experiences can
be leveraged to enhance learning.

STEM learning involves affective and social dimensions.

Identity and sense of belonging shape STEM teaching and learning.
Multiple forms of data can provide evidence to inform improvement.
Flexibility and responsiveness to situational and contextual factors
support student learning.

7. Intentionality and transparency create more equitable opportunities.

N

A pw

These evidence-based principles reflect key insights from what is known
about learning in STEM. Decades of research show that learning involves
a set of complex processes and is shaped by the characteristics and experi-
ences of learners, social interactions, and cultural context. Studies are clear
that student-centered instructional practices that take students’ interests and
experiences into account and provide them with authentic opportunities to
engage with disciplinary content, practices, and analysis are more effective
than instructional practices that rely primarily on lecture, reading, and
memorization of content, procedures, and algorithms. While it is important
to improve instruction in courses at all levels, experiences in foundational
courses are particularly important for student persistence in STEM. Often
these courses filter out students rather than deepening their engagement,
interest, and understanding of STEM topics. Improving instruction in these
courses is an important lever for producing more equitable opportunities
and outcomes for undergraduate STEM students.

Equitable undergraduate STEM education systems provide all students
with the support they need to succeed, as measured by achievement of
clearly communicated learning objectives. In an effective undergraduate
STEM education system, all students demonstrate learning and have the op-
portunities and resources to meet desired learning objectives. An equitable
and effective undergraduate STEM education does not come at the expense
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of excellence. The focus is on helping all students learn and understand
STEM concepts and be able to use them in practical ways.

A course that is designed around equitable and effective teaching strate-
gies will make the course goals clear to the students, recognize the students’
role in their own learning, and give students agency to engage in the course
material in ways that welcome and respect their identities. This approach
makes student learning the primary driver (e.g., the course is student cen-
tered). In contrast, an instructor-centered course usually focuses on cover-
ing a certain amount of content, with the volume of content serving as the
primary driver of the schedule, course policies, instructional methods, and
assessments. Common grading practices generally result in a single letter
grade on a transcript for each course. Given the widely varying approaches
to assigning these letters they do not fully convey the complexity and extent
of student learning and are often assigned in ways that are not equitable. A
focus on student learning goals can be one component of addressing these
inequities.

Some barriers to students’ success emerge from their experiences in
individual classrooms or courses, while others arise from the structure of
course offerings and requirements for their program, major, or institution.
Students are often expected to take a sequence of STEM courses that may
not be well coordinated. Focused attention on examining and improving
the coherence of learning goals across course sequences, programs, and
majors can help educators design pathways that make sense for their stu-
dents, thereby enabling improvements in individual courses, facilitating
alignment to the Principles for Equitable and Effective Teaching, increasing
transparency, and improving student outcomes. These changes can there-
fore help students navigate opportunities for learning STEM and obtaining
credentials.

VALUING AND SUPPORTING INSTRUCTORS

Designing, implementing, and improving STEM learning experiences
to make them more equitable and effective requires use of a diverse set of
instructional practices, attention to the social dynamics in and culture of
the classroom, and regular cycles of reflection and innovation by individual
or groups of instructors. Making STEM instruction equitable and effec-
tive requires academic units and institutions to (a) demonstrate that they
value and will reward teaching and (b) provide support and guidance to
help instructors achieve high-quality learning experiences in STEM for all
students.

Implementation of equitable and effective teaching is a process of con-
tinuous improvement that necessitates all instructors engage in reflection
about their teaching and work to make it better. Professional learning and
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development (PLD) is one key tool that instructors can use throughout their
careers to learn approaches and engage with colleagues in communities that
foster that continuous improvement. This includes everyone who engages
with undergraduates in their courses and classrooms: full-time tenured and
tenure-track faculty, part-time and contingent faculty, graduate student
teaching assistants, postdoctoral fellows, and others. Another important
aspect of PLD is its role in the use of digital technologies in the classroom,
which have the potential to afford opportunities to enhance equitable and
effective teaching in STEM when they are introduced along with PLD op-
portunities that provide guidance and support for instructors. The PLD
can occur on campus or virtually and be conducted in both formal and
informal ways.

Institutional support is needed to ensure that ongoing high-quality PLD
is available and accessible for all types of instructors. At many institutions,
tenure-track faculty are encouraged to prioritize research over teaching
and discouraged from spending time on the courses they teach. Some non-
tenure-track educators focus more on teaching but may be excluded from
professional development opportunities and communities, and sometimes
even from faculty or academic unit meetings and functions. The reasons
instructors do not engage in PLD vary but include historical precedent,
incentives to prioritize other responsibilities, a lack of rewards for attention
to teaching, and limitations in funding for time spent on PLD. Exclusion has
long-term effects: graduate students and postdoctoral scholars need profes-
sional learning and development to prepare for potential roles as future
faculty in addition to professional learning and development related to any
existing roles as instructors or teaching assistants. Overall, when institu-
tions and academic units do not value teaching and preparing for it via PLD
they deprive instructors of appropriate venues for connecting with other
instructors to form communities that can advance continuous improvement.

MEASURING AND ADVANCING SYSTEM CHANGE

Using these Principles to improve undergraduate teaching and learning
in STEM will require a commitment from, and collaboration of, stakehold-
ers ranging from individual instructors to leaders of STEM academic units
and higher education institutions. Academic units hold collective respon-
sibility for ensuring that educators working under their auspices have the
resources and supports they need to provide equitable and effective under-
graduate STEM learning experiences. Academic units also have responsibil-
ity for ensuring that all learning experiences they oversee, including courses,
laboratories, field experiences, research experiences, and prerequisite and
other requirements for programs and majors, provide equitable and effec-
tive STEM learning experiences for students. Academic units play a major
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role in decisions and policies about teaching assignments, career advance-
ment, rewards, promotion, and tenure, including how teaching is valued,
recognized, evaluated, and rewarded, and how teaching assignments are
made. Academic unit decisions and policies related to teaching, grading,
and other aspects of the culture of the unit can impede or promote the
implementation of equitable and effective teaching strategies. For example,
in some academic units, instructors teaching courses that are foundational,
have large enrollments, or that are designed for non-major learners are
not treated with the same respect as those who teach upper-level courses
focused on students majoring in the discipline. This culture can be changed;
instruction and student learning can become central values.

Policies and procedures at the institutional level can demonstrate in-
struction is valued and can either impede or promote implementation of the
Principles for Equitable and Effective Teaching. Change toward equitable
and effective teaching will require coordinated effort from multiple levels
of institutional leadership and a culture of growth that is responsive to the
needs of students and instructors. Data, both aggregated and disaggregated,
are essential to accurately understanding, enacting, and monitoring change.
Both quantitative and qualitative data are needed to fully understand what
is happening in a system and to provide information to guide change efforts.
Reflective analysis of data best guides policy and practice decisions and in-
forms ongoing efforts at improvement. Institutional leaders can analyze and
reform policies and practices so that incentives for faculty, instructors, and
academic unit leaders are aligned with the goal of equitable and effective
teaching and all stakeholders are supported in change efforts. Institutional
change at the deepest levels is an ongoing process. Setting up processes for
continuous improvement can have a larger long-term impact than seeking
quick, dramatic change. Processes for sustained systemic change can include
(a) opportunities for institutional stakeholders at all levels to become famil-
iar with the Principles for Equitable and Effective Teaching and why they
are important; (b) attention to an academic unit’s culture and the challenges
of implementing change; (c) both top-down and bottom-up changes with
attention to power dynamics in the institution and who holds positional
power as well as who holds more informal power and influence; and (d)
vigilant and transparent communication among key stakeholders.

RECOMMENDATIONS FOR ACTION

The committee envisions a system in which all undergraduate STEM
students have equitable and effective learning experiences, feel welcomed,
and have the opportunity to succeed in their STEM courses and programs,
regardless of their identity or background. Key to achieving this vision is
that all instructors have the knowledge, skills, and motivation to create
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welcoming, student-centered STEM courses that are built on what is known
about how students learn and about the environments in which all students
can succeed. Structural changes and collective responsibility within and
across institutions are also critical for this vision to be implemented, sus-
tained, and successful. The committee therefore offers recommendations for
action that span the range of levels and actors in higher education. Making
student-centered learning a central and explicit goal of course design is a
necessary, but not sufficient, component of achieving equitable and effec-
tive learning experiences. The challenge of defining equitable and effective
teaching is also partly a journey in helping the higher education community
to redefine what teaching looks like, and in so doing identify the equity-
based behaviors missing from our current notion of effective teaching.
This challenge involves change at the classroom level in the approaches to
teaching and also in the wider system to provide incentives, supports, and
structures that influence teaching decisions.

Toward Equitable and Effective Learning Environments

Recommendation 1: Instructors, working independently and collabora-
tively, should use the Principles for Equitable and Effective Teaching to
reflect on and revise their instructional practices, approaches to assess-
ment, course syllabi and grading policies, and the selection and use of
instructional resources. They should articulate clear learning goals for
courses and use these learning goals to design instruction and assess-
ment for courses in all modalities and settings, including online, in the
classroom, in the laboratory, and in the field and continually reflect on
and improve instructional practices over time based on student learn-
ing data.

Recommendation 2: Members of academic units collectively should
take responsibility for reviewing the portfolio of courses offered and the
sequencing of courses using the Principles for Equitable and Effective
Teaching. They should work collectively to define clear course and pro-
gram learning outcomes and use them to refine and revise the content
and pedagogy of course sequences and individual courses. As part of the
review, academic units should use both aggregated and disaggregated
data of multiple forms to identify courses or course sequences that ap-
pear to be producing systematic, inequitable outcomes and undertake
revisions to address them.

Recommendation 3: Developers of instructional materials and re-

sources at institutions of higher education, nonprofits, and companies
should work collaboratively with experts in teaching and learning (and
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experienced instructors) to develop resources and materials, includ-
ing educational and instructional technology, using the Principles for
Equitable and Effective Teaching as a guide for informing design from
the initial stages of conceptualization. If developers attempt to use
the Principles to modify a product in a later stage of development it
is less likely that the resulting product will be equitable and effective.
Developers should also work collaboratively with experts in teaching
and learning (and experienced instructors) to create the professional
learning, support, and guidance that instructors will need to equitably
and effectively use their products.

Valuing and Supporting Instructors

Recommendation 4: Academic unit and institutional leaders should
support participation of all instructors in professional learning and
development grounded in the Principles for Equitable and Effective
Teaching by providing resources, encouragement, and financial com-
pensation. Specifically, they should foster a culture of improvement and
change policies to provide incentives and compensation for instructors
to engage in professional learning and development as part of their
workload so that all instructors receive a base level of preparation
before they begin teaching and are provided with, compensated for,
and encouraged to participate in ongoing opportunities to continue
improving their teaching. Implementation will involve coordinating
with academic units to also compensate instructor time (such as course
release, salary increase, or funding bonus) for developing or revising
courses to align with equitable and effective teaching practices, poten-
tially including changing lesson goals, changing instructional practices,
and/or changing instructional tools.

Recommendation 5: Academic unit and institutional leaders should
foster a support structure for instructors (e.g., centers for teaching
and learning, STEM education centers) that can (a) organize and offer
accessible professional learning opportunities (including on campus,
virtual, and asynchronous) that are grounded in the Principles for
Equitable and Effective Teaching, and (b) support academic unit-level
professional learning and development opportunities.

Recommendation 6: Graduate and postdoctoral program leaders
should revise programs and expectations to make preparation for
teaching an integral learning goal of programs. They should work to
change cultures so that all participants are encouraged and supported
in meaningful professional learning and development activities focused
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on teaching, learning, course design, and creating an equitable learning
environment that embraces and promotes equitable and effective teach-
ing. When teaching, graduate students and postdoctoral scholars should
be supported by a mentor who has expertise in the use of the Principles
to support equitable and effective teaching.

Recommendation 7: Academic unit leaders should develop policies
and practices that value, recognize, and reward equitable and effective
teaching. Steps they can take include

¢ Providing time in unit meetings to discuss teaching-related top-
ics such as reviewing students’ outcomes in courses, discussing
the unit’s strategy for continuous improvement of teaching, and
sharing information about successes and challenges in teaching.

e  Supporting individual and groups of instructors as they improve
and revise their courses including providing dedicated time to
work on course revision or additional financial compensation.

e Encouraging and providing time and resources for collabora-
tion among instructors to work on course and curriculum revi-
sion and redesign.

e Designing policies and practices for making teaching assign-
ments that value the teaching of all courses and the contribu-
tions of all instructors regardless of their appointment type.

¢ Identifying and supporting cohorts of instructors who are dedi-
cated to and interested in implementing equitable and effective
teaching and providing them with leadership opportunities.

e  Facilitating the access and use of relevant data that can help
instructors identify and monitor differences and changes in
student outcomes.

Recommendation 8: Academic unit leaders should revise practices
around hiring and onboarding of new instructors so that teaching is
an essential and valued component of the role. In hiring, job candidates
should be evaluated by their ability to engage in equitable and effective
teaching. Once hired, instructors should receive mentoring related to
equitable and effective teaching and be provided with opportunities to
engage in ongoing professional learning and development.

Recommendation 9: Academic unit leaders should use the Principles for
Equitable and Effective Teaching as professional standards that form
the basis of teaching evaluation processes. To achieve this goal, they
should use evidence-based approaches to evaluate the entire portfolio
of teaching-related activities. This evaluation should go beyond student
surveys to include other forms of evidence (e.g., structured teaching
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observations, analysis of teaching artifacts, course design, instructor
reflections) and serve as a formative and holistic evaluation of teaching.

Recommendation 10: Academic unit and institutional leaders should
include and value teaching during review processes for advancement
and retention such that all instructors are expected and required to
provide equitable and effective teaching.

¢ Determine reappointment, raises, merit, promotion, and tenure
in a clear and transparent way that rewards instructor work
toward achieving equitable and effective teaching.

e Develop approaches for determining promotion and tenure
that include holistic evidence-based evaluation of the faculty
member’s teaching.

e Develop processes for changes to salaries and titles that con-
sider all different categories of employees who have teaching
responsibilities, including visiting faculty, instructors, teaching
assistants, adjunct faculty, and lecturers (VITAL instructors).

Measuring and Advancing System Change

Recommendation 11: Institutional leaders should develop and support
the infrastructure and approaches needed to collect, use, and monitor
data about courses and programs, as well as student outcomes, experi-
ences, belonging, and other affective measures. They should provide
access to the system and to the data in a transparent way so that
instructors and academic units can use it to improve teaching and
learning. This will entail offering guidance to academic units about
which metrics to review on a regular basis and multi-level strategies to
investigate and decrease any gaps discovered. The systems should in-
clude qualitative and quantitative data from both internal and external
(from studies or federal agencies) sources and allow for disaggregation
of data by students’ demographic characteristics so that revised policies
and practices can be implemented to decrease disparities.

Recommendation 12: Members of academic units should take into
account the complexity of the student undergraduate population and
their varied goals and pathways to ensure that all students can equitably
and effectively experience and benefit from the unit’s courses, programs,
and credentials. They should examine data for obstacles and barriers to
undergraduate STEM learning and apply the Principles for Equitable
and Effective Teaching to smooth the educational journeys of their stu-
dents. Academic units should analyze transition points, course offerings,
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student experiences, and student outcomes and use the information
to remediate obstacles that limit student learning or student progress
toward a credential, especially obstacles that disproportionately impact
students who are members of underserved groups.

Recommendation 13: Professional, academic, and disciplinary societies
and organizations should publicly endorse and elevate the Principles for
Equitable and Effective Teaching and adopt them to guide their work
related to undergraduate education. Specifically, they should

e Share clear position statements on and advocate for the impor-
tance of equitable and effective teaching with their members,
constituents, and the public.

e Coordinate with teaching experts in their discipline to design,
offer, or coordinate professional learning and development
opportunities to support instructors in their discipline to imple-
ment equitable and effective teaching practices.

e Coordinate with teaching experts to develop, curate, and
promote resources for addressing discipline-specific teaching
needs.

e Offer events that showcase and disseminate practices, tools,
data, and research related to implementing equitable and ef-
fective teaching.

e Cultivate professional learning and development communities
for current and future instructors and encourage academic
units to do the same.

¢ Include experts in equitable and effective teaching in society
leadership.

e Review the guidelines for any accreditations that they admin-
ister and support academic units to implement these guidelines
in ways that maximize equitable and effective teaching and
learning.

e Promote comparative studies that help identify approaches that
lead to more equitable outcomes, especially for foundational
courses.

Recommendation 14: Oversight bodies should endorse and adopt the
Principles for Equitable and Effective Teaching to guide their work.
Through their oversight, they should require institutional leaders to
demonstrate that work at their institution is being done in alignment
with the Principles and that policies and procedures have been updated
accordingly.
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Recommendation 15: Funders should endorse and adopt the use of the
Principles for Equitable and Effective Teaching to prioritize evidence-
based projects that support both implementation of and research about
equitable and effective teaching. Implementation funding should in-
clude support for ongoing professional learning and development ac-
tivities at different types of institutions of higher education, especially
those that have fewer resources. Research funding should include some
long-term projects that study student experiences and outcomes over
time. Implementation projects should include evaluation plans.
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Introduction

Thousands of post-secondary education institutions exist in the United
States. While their missions can differ—sometimes significantly—these insti-
tutions share a common aim: to provide an education that affords students
the knowledge and skills needed to thrive in their personal and work lives
in the present and the future. At its best, the nation’s undergraduate sci-
ence, technology, engineering, and mathematics (STEM) education system
can equip all students of all backgrounds to better understand the world
around them, make informed decisions as members of society, and meet
their individual goals. For some students, a STEM education can provide
entry into the STEM workforce, which helps drive American innovation,

national security, and economic growth.

For far too long, undergraduate STEM education in the United States
has not delivered fully on its promises. Identity plays a role in determin-
ing learning experiences and student success. Not all students have been
welcomed and supported to enter, pursue, and complete STEM credentials.
While there are multiple factors that have contributed to this state of affairs,

two overarching issues stand out:

1. The STEM education system as a whole has often not prioritized
concerns of equity, and the failure to do so is severely limiting the

participation and success of certain groups of students.

2. STEM teaching at the undergraduate level is not as uniformly ef-
fective at promoting student learning and engagement as education

research shows it could be.

13
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Combined, these two factors have major consequences for individuals
and for society as a whole. Currently, commonly used teaching practices
in undergraduate STEM education, held in place by related institutional
policies and practices, alongside inequities across the system as a whole
contribute to a situation in which membership in a marginalized group is
frequently predictive of academic performance and educational attainment
(Canning et al., 2018; Harris et al., 2020; Holland, 2019; Steele-Johnson
& Leas, 2013; Thiele et al., 2014; Weston et al., 2019). For STEM educa-
tion, the list of marginalized groups is long and can include students who
are female; Black; Latina/o; Indigenous; lesbian, gay, bisexual, transgender,
queer/questioning, intersex, asexual/aromantic/agender, plus other related
identities (LGBTQIA+); veterans; students who are parents; those with both
visible and invisible disabilities; as well as those who are from families with
low socio-economic status or who are the first in their families to attend
college. These inequities have significant costs to the nation: loss of STEM
talent, unrealized dreams for individuals, and an overall population that is
less able to engage in public discourse about STEM-related issues. In many
ways, the nation cannot reach its full potential without doing the critical
work of addressing inequity in undergraduate STEM education. Creating
equitable and effective learning experiences that promote the success of
students from groups that have been and continue to be marginalized in

higher education and society is an essential step.

WHY DOES EQUITABLE AND EFFECTIVE
TEACHING IN STEM MATTER?

STEM education is a wonderful opportunity for people to learn about
the world around them and to become knowledgeable about natural pro-
cesses, technological innovations, and the built environment. The STEM
workforce is an important component of the economy and, more impor-
tantly, has produced impressive advances in scientific understanding and
technology that have improved the quality of life for millions of people.
Colleges and universities deserve enormous credit for the research they have

conducted and the education they have provided to their students.

Looking ahead to future needs for innovation to benefit individuals,
communities, and society, it is critical to design educational experiences that
provide a greater percentage of learners with access to an equitable and ef-
fective undergraduate STEM education. Society will not fully benefit from
the development and use of future discoveries and innovations if full access
and opportunity to effective STEM education is not provided to all, nor will
society have the information, tools, and resources needed to address future

challenges facing our planet.
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While teaching and student learning is one responsibility of all in-
stitutions of higher education, ensuring equitable access to high-quality
teaching is not always a driving priority. Undergraduate education in the
United States, especially in STEM subjects, too frequently relies on a model
of passive information transfer, where instructors lecture to students. This
approach is not aligned with what is known about how people learn, caus-
ing many students to struggle mastering concepts and skills when they are
expected to listen passively as opposed to having an opportunity to actively
engage with the course material. This mismatch between teaching approach
and the complex processes important for learning (see Chapter 3) is quite
common in introductory STEM courses and means that many students do
not feel welcomed and supported to enter, pursue, complete STEM courses,
and go on to earn STEM credentials (certificates, minors, degrees, etc.). In
fact, the standard methods of teaching undergraduate STEM education
have benefited a relatively small percentage of learners (who are more likely
to be male and White or Asian), while many other learners conclude that
STEM education is not for them and find other ways to use their talents
(Seymour & Hewitt, 1997; Seymour & Hunter, 2019). This second group
includes people who are female, non-binary, Black, Latina/o, Indigenous,
LGBTQIA+, veterans, multi-lingual learners, students who are parents,
those with both visible and invisible disabilities, those who are from fami-
lies with low socio-economic status, and those who are the first in their
families to attend college, among many other identities.

Current inequities in undergraduate STEM education have significant
costs to both individuals and to the nation. In their 2024 report Learn-
ing and Earning by Degrees: Gains in College Degree Attainment Have
Enriched the Nation and Every State, but Racial and Gender Inequality
Persists, Georgetown University’s Center on Education and the Workforce
(CEW) quantified some of the economic and non-economic costs of not
fully delivering on this promise for all students (Carnevale et al., 2024).
Addressing these equity gaps would have added an additional $11.3 trillion
in net lifetime earnings, benefiting both those who receive the credential
and society overall.

As one step toward addressing inequities in undergraduate STEM edu-
cation, this report presents a set of Principles for Equitable and Effective
Teaching (listed in Box 1-2; discussed in most detail in Chapter 4) that will
enable instructors, with the support of their academic units and institu-
tions, to improve instruction in ways that benefit all students. This report
conceives of equitable and effective teaching as the provision of learning
experiences that are student centered, where course goals are made clear
to the students, the students’ role in their own learning is recognized, and
students have agency to engage in the course material in ways that respect
their identities. These student-centered evidence-based approaches help
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students best leverage their prior experiences, talents, and skills to complete
a STEM education aligned with their aspirations and expectations. Thus,
equitable and effective undergraduate STEM teaching can provide learning
opportunities to a diverse array of learners who can in turn help to ad-
dress global and societal challenges, improve the workforce, create a more
informed population better prepared to grapple with the complexities of
our technological society, and increase opportunities for meaningful life by

enhancing connections to the designed and natural world.

THE CHALLENGE OF ADVANCING
EQUITABLE AND EFFECTIVE TEACHING

Achieving equitable and effective teaching for all students will require
concerted and consistent action by multiple stakeholders, across and be-
yond the higher education system. One key aspect of making undergraduate
STEM education more equitable and effective is to change how teaching is
prioritized in academia. In a March 2024 op-ed in Inside Higher Ed, Thorp
and Goldstein, authors of Our Higher Calling: Rebuilding the Partnership
between America and Its Colleges and Universities (Thorp & Goldstein,

2018), address this challenge as follows (emphasis ours):

Myriad analysts have determined where to place the blame for the de-
prioritization of teaching. The truth is, there is a lot of blame to go
around [...] Administrators are constantly being pressured to grow and
do new things that their external and internal stakeholders want. Grow-
ing research grants is the simplest way to achieve this in the short run
[...] This leads to pressure on faculty to increase their research. They are
behaving perfectly rationally when they seek time away from teaching
to spend more time generating grants and high-profile publications [...
Meanwhile, trustees like to see positive news coverage and improvement
in the rankings, which rewards high-profile faculty research. Trustees also
tend to want success in athletics, which comes with significant costs and
makes the ability to win grant funding to pay faculty salaries even more

important when the bills for athletics come due.

Making teaching a high priority will not happen as long as one set
of stakeholders is the only one required to change. If faculty are simply
told to put more emphasis on teaching without changes to the incentives,
nothing will happen. Nearly every college president has started off their
tenure by saying they are going to emphasize teaching, but usually with no
effect. Trustees hear pained testimonials from students and ask for more
emphasis on the classroom, but they are unwilling to make the financial
tradeoffs necessary to make this happen. All of the groups are going to

have to collaborate to get this done. (Thorp & Goldstein, 2024)
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It is clear to the committee that many instructors are committed to
providing their students with equitable and effective education and have
gone to great lengths to serve all of their students and achieve equitable and
effective outcomes. The committee also acknowledges that many academic
leaders care deeply about supporting teaching in undergraduate STEM
education. All of these efforts are to be commended. However, as Thorp
and Goldstein emphasize above, the most significant barriers to widespread
application of equitable and effective approaches lie not with the behavior
of individuals but in our current system. These barriers result from policies
and practices that disincentivize use of and rewards for adopting sound
pedagogy. This is not an issue that can be addressed via solutions based in a
deficit perspective that calls for “fixing” students or faculty; it is a challenge
to be addressed by changing mindsets, approaches, policies, and structures

at multiple levels of the system.

Undergraduate learning occurs within a system that undervalues teach-
ing and does not generally prioritize equitable outcomes for students. Many
institutions retain policies that do not incentivize spending time, money, and
other resources on teaching, leading to instructional approaches that are not
aligned with evidence about how people learn and that are only helpful for
a small number of students. While many instructors go to great lengths to
serve their students, widespread equitable and effective teaching is depen-
dent on changes to the larger system. In the present system, instructors are
often unsupported in learning and implementing approaches to instruction
that are informed by research and that allow for the creation of learning
experiences that engage a wider variety of students and can be applied in
the classroom, laboratory, field, and online learning experiences. Instructors
cannot be expected to offer equitable and effective teaching if they are not
educated in pedagogy, provided with ongoing professional learning and
development, and supported with appropriate rewards, recognitions, and
resources. Chapters 3, 4, and 5 discuss the research on learning and provide
guidance and examples for teaching in an evidence-based manner. Chapter
8 looks at the importance of ongoing professional learning and develop-

ment in support of equitable and effective teaching.

As a whole, this report examines and explains the systemic changes
needed to align incentives in order to facilitate and support better teaching
and learning. It discusses multiple levels of the system that could change
to work in concert and support instructors, on both the individual and
collective levels, so that undergraduate learning experiences (in classrooms
and laboratories, both on campus and online) become more equitable and
effective. It also acknowledges the challenges and changes that need to be
addressed in order to support instructors and administrators in making

these crucial changes.
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INTERPRETING THE CHARGE AND
CONDUCTING THE STUDY

The Committee on Equitable and Effective Teaching in Undergraduate
STEM Education was convened by the Board on Science Education, part of
the National Academies of Sciences, Engineering, and Medicine (National
Academies), to examine efforts to support and improve undergraduate
STEM education, and to provide guidance to undergraduate STEM educa-
tors and institutions, as well as other stakeholders, on how the interdepen-
dent objectives of equity and effectiveness can be achieved in undergraduate
STEM teaching. Meeting such objectives is critical to eradicating existing
disparities in STEM education and providing rich opportunities for all stu-
dents to better understand STEM principles, concepts, and practices.

The committee includes members with knowledge and expertise in
areas of STEM education research, practice, and leadership relevant to
undergraduate STEM education. Committee members represent a diverse
set of post-secondary institutions that award certificates, associate’s degrees,
bachelor’s degrees, master’s degrees, and doctoral degrees in the STEM dis-
ciplines. The institutions are based at urban, suburban, and rural campuses
across the United States. Some of the committee members changed institu-
tions during the course of the study, and in these cases, their institution at
the time of publication is listed in the front matter. Therefore, the affiliations
listed do not represent the full breadth of their experiences in higher educa-
tion, and more details can be found in the committee bios in Appendix B.

The Charge to the Committee

The project’s statement of task (Box 1-1) describes the charge to the
committee and guided the development of this report. The study is funded
by the Gates Foundation, the Howard Hughes Medical Institute, and the
National Science Foundation.

Defining the Scope

In considering their charge, the committee discussed at length the topics
and perspectives that they would include within the scope of their work.
The charge was specific about some aspects of which populations and in-
stitution types should be included, but not prescriptive in other areas. The
committee here articulates the inclusive nature of the view they took of the
report scope in order to include all types of students, instructors, and in-
stitutions involved in undergraduate STEM education in the United States.
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BOX 1-1
Study Charge

The National Academies of Sciences, Engineering, and Medicine will con-
vene an ad hoc committee on equitable and effective teaching in undergraduate
STEM education. Through examination of successful efforts to improve and sup-
port instruction, the committee will develop a framework for equitable and effective
teaching in undergraduate STEM and identify policies and practices at the depart-
mental, programmatic, and institutional levels that can facilitate implementation of
the principles in the framework.

The committee will conduct a two-phase study. The first phase will produce
a discussion draft that outlines a framework for equitable and effective teaching.
It will call out practices that may be particularly important for virtual, blended, and
hybrid instruction. The discussion draft will serve as a tool to solicit input from
stakeholders that will be used to improve the framework. The second phase will
revise the framework, call out areas in need of further research, and provide
guidance and recommendations for institutions, educators, and disciplines. Spe-
cifically, the final report will

1. Present a framework for equitable and effective teaching that includes
attention to
+ Approaches to and guidelines for evidence-based, inclusive

teaching;

+ Equitable and effective teaching practices for different modes of
teaching (e.g., in-person, online, blended and hybrid teaching), and
different educational contexts (e.g., two-year colleges, hybrid pro-
gram, research institutions);

+ The roles that technology does, or can in the future, play in support-
ing equitable and effective teaching.

2. Discuss the experiences and training opportunities graduate students
and postdoctoral students will need in order to be prepared to employ
equitable and effective instruction as future faculty members.

3. Examine the institutional infrastructure, policies, and practices needed to
encourage and support evidence-based teaching, such as opportunities
for professional development, faculty evaluation policies and practices,
and reward and advancement systems.

4. Provide actionable recommendations for institutions, disciplinary societ-
ies, funders, and policy makers on steps that could support implementa-
tion of the framework.
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What Is Included as “STEM”?

The committee was inclusive in considering the disciplines of STEM,
types of post-secondary institutions, variety of instructors, and all students
in their work. We used the National Science Board definition of STEM as
including the following areas of study: agricultural sciences and natural
resources; biological and biomedical sciences; computer and information
sciences; engineering; geosciences, atmospheric sciences, and ocean sciences;
mathematics and statistics; multidisciplinary and interdisciplinary sciences;
physical sciences; psychology; and social sciences (Deitz & Freyman, 2024;
Deitz & Henke, 2023). The committee recognizes that this wide array of
disciplines has some commonalities and also that each area has unique chal-
lenges and strategies. Throughout the report, we refer both to issues that
are STEM-wide and to those that are discipline-specific or more prominent
in some disciplines. Similarly, we provide examples of successful strategies
and approaches that emerge from specific disciplines, many of which can
be applied in others.

The Learners

The committee takes a broad view of who counts as an undergraduate
STEM student, and includes those taking a single course, seeking a cer-
tificate, or working toward a degree. We included students preparing for
careers in fields heavily dependent on STEM knowledge and skills (such
as nurses, medical doctors and technicians, biotech workers, scientists,
mathematicians, and engineers), as well as those who are taking a course
to satisfy a distribution requirement or learn about an interesting topic.
STEM students are understood to use STEM knowledge and skills in many
different ways, including in jobs that are not traditionally defined as STEM
careers; this might range from analyzing data in a spreadsheet in an office
to analyzing soil composition on a farm or at a national park. Regardless
of whether their STEM courses contribute directly to individuals’ careers,
the knowledge and skills gained have the potential to prepare all students
to be knowledgeable and informed participants in their communities and
societies, especially as science and technology play an ever-increasing role
in our lives.

For STEM education, the list of marginalized groups is long; as men-
tioned above, it can include students who are female, non-binary, Black,
Latina/o, Indigenous, LGBTQIA+, veterans, multi-lingual learners, students
from rural areas, students who are parents or caregivers, those with both
visible and invisible disabilities, those who are from families with low
socio-economic status, and those who are the first in their families to at-
tend college. The committee also recognizes that the unique circumstances
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of each student’s life outside of academia inform and influence the achieve-
ment of their academic goals. For instance, in pursuing their post-secondary
education, students frequently do not take all of their courses at a single
institution, so issues of transfer credit and simultaneous enrollment compli-
cate student efforts to achieve degrees (National Academies, 2016). Many
students have work and caregiving commitments while enrolled. All of these
elements of identity impact student learning experiences. Throughout the
report we refer to students who belong to one or more of these groups as
underserved, in recognition of the ways that people who hold these identi-
ties have typically not been the primary audience of STEM education and
traditional STEM instructional practices do not leverage the knowledges,
backgrounds, experiences, and interests to help them succeed.

The Teaching Workforce

When the committee considers instructors, they include full-time and
part-time roles, permanent and contingent employees, adjunct instructors,
visiting professors, graduate teaching assistants, and tenured and tenure-
track faculty, among others. We make use of the acronym VITAL to en-
compass the range of non-permanent roles, as discussed by Levy (2019)
and emphasized by Lee et al. (2023): VITAL stands for visiting faculty,
instructors, teaching assistants, adjunct faculty, and lecturers. The needs and
concerns of VITAL educators—and sometimes, more specifically, graduate
students and postdoctoral fellows—are addressed at multiple places in the
report, as they are often distinct from the needs and concerns of full-time
tenure-track faculty. The committee recognizes that these populations fre-
quently have less autonomy to implement new ideas for multiple reasons,
including being out of the power structure of the academic unit, operating
from a place of contingent employment, or serving as one instructor in a
course with multiple sections where curricular choices and decisions about
format and assessment are made by others (e.g., curriculum or program
committees).

Types of Institutions Included in the Study

Our current system of higher education is a complex one that includes
a wide variety of institution types. For the most part, in this report, we dis-
cuss all types of institutions together as colleges and universities. In some
portions of the report, we use more specific language to discuss institution
types. For example, we use the term community college to refer to institu-
tions that offer associate’s degrees in addition to multiple other types of
certificates and credentials, including those in Career and Technical Educa-
tion fields. Another aspect of institution type is the population of students
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served and if the institution is open access or selective in admitting students.
While selective colleges and universities receive much of the attention in
the press, they make up a small percentage of post-secondary institutions
(DeSilver, 2019), Community colleges are generally open-access institutions,
and many regional four-year institutions are as well, both are important
forces in facilitating education of underserved students. While most colleges
and universities in the United States are Predominantly White Institutions,
there are multiple types of institutions that serve particular populations,
including Historically Black Colleges and Universities, Tribal Colleges and
Universities, Hispanic Serving Institutions, and Asian American and Native
American Pacific Islander Serving Institutions. While there are many dif-
ferences across institution type, the Principles for Equitable and Effective
Teaching apply to all instructors engaged in teaching undergraduates. The
specifics of how the Principles are enacted will differ based on institution
type and other factors, such as the discipline of study, the size of the course,
and whether it is a course at a foundational level or includes upper-level

content.

Defining Equitable and Effective

The committee defines an equitable undergraduate STEM education
system as one that provides all students with the support they need to
succeed, as measured by achievement of clearly communicated learning
objectives. In an equitable learning environment, factors such as race, gen-
der, disability status, and socio-economic status do not impact the rate at
which students meet the learning objectives. In addition, an equitable sys-
tem rewards instructors for effective teaching and provides them with the

resources they need to successfully educate all of their students.

An effective undergraduate STEM education system is one in which all
students demonstrate learning and most, if not all, students have the oppor-
tunities and the resources to meet desired learning objectives. An equitable
and effective undergraduate STEM education does not come at the expense
of excellence; the focus is on helping all students learn and understand

STEM concepts and be able to use them in practical ways.

The term inclusive, which appears in the study charge, is a related
concept that the committee considers as a key component of an equitable
education. It refers to the opportunity to participate in learning experiences
that feel welcoming and cultivate a sense of belonging, and to avoid exclu-
sive or exclusionary environments that limit engagement. These limitations
may arise from practical barriers or from expectations that are not student

centered.
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Information Gathering and Use of Evidence

In developing the report, the committee met eight times, both virtually
and in person. They also did significant work between meetings to gather
and analyze information and to write and edit drafts. The committee gath-
ered extensive information during the course of the project and specifically
considered a wide variety of input on the discussion draft from a diverse
array of stakeholders. In particular, the committee gathered input on a dis-
cussion draft released for public input in November 2023. More informa-
tion about the input on the discussion draft and the committee’s response
can be found in Appendix A. The material from that discussion draft has
been revised, and is included here, including a focus on the Principles for
Equitable and Effective Instruction in Chapter 4.

Throughout the study, the committee analyzed a large volume of evi-
dence from many sources. They reviewed material that included published
peer-reviewed literature, statistical information, conference proceedings,
dissertations, and articles in magazines and newspapers, among other docu-
ments. After surveying the expertise brought to the table by the members
of the committee, we invited experts to present on their work and discuss
key issues with us and also commissioned several experts to author papers
on key topics where an in-depth analysis would significantly improve un-
derstanding of the evidence.

Specifically, as the committee reviewed the literature on pedagogical
approaches, we identified principles for improving equity and facilitating ef-
fective teaching. We reflected on the extensive work done in these areas and
drew on this and our own expertise to identify a set of tenets that delineate
equitable and effective teaching approaches for instructors of undergradu-
ates in STEM. These tenets became the seven Principles for Equitable and
Effective Teaching (see Box 1-2). While there are many other principles,
tenets, and approaches that can and do guide equitable and effective teach-
ing, these capture topics that are foundational to such efforts, and we offer
them here as a loose framework that can structure both thought and action.

Similarly, to form the conclusions offered at the end of the chapters in
this report, the committee combined qualitative and quantitative evidence
from research on pedagogy, professional learning, and system change with
members’ expertise in the practice of teaching and experiences in higher ed-
ucation, and direct input from researchers and practitioners. The committee
considered the strength of the evidence for each topic to determine where
they felt the evidence base was sufficient to provide suggestive evidence or
to offer robust support. Relatedly, we also directly discuss the “strength of
evidence” pyramid in Chapter 3.

In addition, we have included illustrative examples in the text and
in boxes throughout the report. These come from a variety of sources,
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including presentations, websites, and the research literature. These ex-
amples serve as a valuable tool for thinking about the strategies and ap-
proaches that can be used to improve teaching in a variety of modalities,
course sizes, institution types, and other contexts.

Developing a Framework and Guidance on Implementation

The charge calls for the committee to develop a framework for equi-
table and effective teaching that includes attention to (a) approaches to
and guidelines for evidence-based, inclusive teaching; (b) equitable and
effective teaching practices for different modes of teaching (e.g., in-person,
online, blended, and hybrid teaching), and different educational contexts
(e.g., two-year colleges, hybrid programs, and research institutions); and
(c) the roles that technology plays, or can play in the future, in supporting
equitable and effective teaching. The committee approached this task by
considering the multiple lines of evidence related to teaching and learning
in undergraduate STEM education that have emerged over the past 30-40
years. There is now a robust body of evidence related to learning in the
STEM disciplines that the committee leveraged to develop the set of seven
Principles for Equitable and Effective Teaching (see Box 1-2), which reflect
key insights from research and can be used to guide the development of
individual courses, courses sequences, and disciplinary programs of study.
In a sense, these Principles are intended to serve as a kind of “north star”
for departments and institutions as they work to improve undergraduate
teaching and learning.

The committee was also asked to identify the infrastructure, policy,
and practices needed to encourage and support evidence-based teaching
(as embodied by the Principles), and to provide guidance to a variety of
actors on how to support implementation of the Principles. The commit-
tee recognized that this part of the charge could be interpreted as a series
of issues related to individual STEM courses; however, we concluded that
achieving equitable and effective STEM learning experiences for students
requires a broader frame. The committee concluded that to fully address
this charge, the report needed to consider the culture and structures of the
academic unit and institutions in which teaching and learning occur as well
as the wide variety of disciplines, program structures, and course formats in
which undergraduate STEM education happens. This insight provides the
structure for this final report and its components. The committee analyzed
(a) how to move toward more equitable and effective teaching, (b) how to
value and support instructors, and (¢) how to measure and advance sys-
temic change in order to transform undergraduate STEM education. This
focus on systemic change and the need for cross-system collaboration to
achieve continuous improvement led to the inclusion of recommendations
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BOX 1-2
Principles for Equitable and Effective Teaching

The Principles for Equitable and Effective Teaching (described in detail in
Chapter 4) articulate key aspects of pedagogy critical to the student-centered
approach to learning necessary to achieve equitable and effective learning experi-
ences. The Principles are

»  Principle 1: Students need opportunities to actively engage in disciplin-
ary learning.

«  Principle 2: Students’ diverse interests, goals, knowledge, and experi-
ences can be leveraged to enhance learning.

»  Principle 3: STEM learning involves affective and social dimensions.

«  Principle 4: Identity and sense of belonging shape STEM teaching and
learning.

+  Principle 5: Multiple forms of data can provide evidence to inform
improvement.

«  Principle 6: Flexibility and responsiveness to situational and contextual
factors supports student learning.

« Principle 7: Intentionality and transparency create more equitable
opportunities.

Together these Principles serve as a framework that can structure both
thought and action by instructors, institutions, and disciplines.

for action for people in many different roles and positions; these include
instructors, academic unit and institutional leaders (e.g., department chairs,
deans, provosts), and other stakeholders outside of institutions of higher
education (e.g., disciplinary and professional associations and funders).

THE COMMITTEE’S VISION FOR EQUITABLE
AND EFFECTIVE STEM EDUCATION

The committee envisions a system in which all undergraduate STEM
students experience equitable and effective learning experiences, feel wel-
comed, and have the opportunity to succeed in their STEM courses and
programs, regardless of their identity or background. Ideally, through eq-
uitable and effective STEM education experiences, all students will learn
about STEM disciplines and thereby gain the opportunity to better under-
stand the world around them and use this understanding to better their own
lives and careers. Engaging with the process of developing new knowledge
and designing new tools as part of the learning experience can foster this
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understanding. In the committee’s vision, the pathways, course schedules,
course syllabi, assessments, and other aspects of designing courses and
programs build upon the Principles for Equitable and Effective Teaching to
create a welcoming and accessible route to STEM learning for all students.
We also envision an accessible STEM learning experience that considers
the physical, digital, cultural, economic, affective, and sensory needs of
students.

Making student-centered learning a central and explicit goal of course
design is a necessary component of achieving equitable and effective learn-
ing experiences. This approach—which includes making the course goals
clear to the students; recognizing the students’ role in their own learning;
and giving students agency to engage in the course material in ways that
welcome and respect their identities—makes learning the primary driver
and articulates clearly the desired learning outcomes of each learning expe-
rience. In contrast, an instructor-centered course usually focuses on cover-
ing a certain amount of content, and the volume of content is the primary
driver of the schedule, course policies, instructional methods, and assess-
ments. Disciplinary expectations and historical precedent often drive pres-
sures to focus on covering content as opposed to re-evaluating the learning
goals that would be most beneficial to the students’ education (Oleson &
Hora, 2014; Tripp et al., 2024).

While essential, student-centered learning in itself is not enough to
ensure equitable and effective learning experiences. The culture and dy-
namics of the learning environment and interpersonal interactions are also
important. The challenge of achieving equitable and effective teaching is
also partly a journey of helping the higher education community redefine
the roles and goals of teaching and, in so doing, identify the equity-based
behaviors currently missing from common current notions of effective
teaching.

Key to achieving this vision is that all instructors have the knowledge,
skills, and motivation to create welcoming STEM courses that are built
on what is known about how students learn and in which all students
can succeed. When the committee considers instructors, they include full-
time and part-time roles, permanent and contingent employees, adjunct
instructors, visiting professors, teaching assistants (graduate students who
are instructors or assistants to instruction), and tenured and tenure-track
faculty, among others (more information on the scope of the instructional
workforce considered can be found in the section of this chapter on the
Charge to the Committee).

Importantly, however, the responsibility for applying the Principles does
not rest solely or even primarily with instructors. While making under-
graduate STEM education more equitable and effective will likely require
many instructors to adjust their practices, doing so will require that their
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efforts be supported in practical, material, and logistical ways, and that they
are encouraged and supported by their colleagues, departments, institutions,
and disciplinary organizations and professional societies. The existing chal-
lenges require systemic solutions. Structural changes and collective respon-
sibility within and across institutions will be necessary for this vision to be
implemented, sustained, and successful. Multiple lines of evidence reveal
that we are far from achieving that vision yet also provide guidance for
what needs to change for us to make progress and transformative change.
Coordination by these diverse stakeholders will contribute to the develop-
ment of a supportive infrastructure that provides the resources instructors
need to develop as educators and to cultivate equitable and effective learn-
ing environments for their students. Therefore, this report presents action-
able recommendations intended to foster educational transformation on a
systemic level across the range of institution types providing undergraduate
STEM experiences to students in the United States.

One of the committee’s goals for this report is that the seven Principles
together with the recommendations for implementation provide a common
basis for conversation and action that can help to catalyze more wide-
spread systemic change. Together, the Principles and recommendations can
be used by post-secondary education institutions to engage instructors,
academic unit leaders, other administrators, and governing boards in align-
ing policies and procedures to foster and support equitable and effective
teaching. The Principles and recommendations can also inform decision
making and action outside of post-secondary institutions, at professional
societies, at academic associations, and at funders of STEM education and
STEM education research. Collaborative and collective efforts across all
stakeholder groups can achieve equitable and effective teaching and learn-
ing for all students.

REPORT ORGANIZATION

The report includes ten chapters that together explore the context of
our system of higher education; explain the Principles for Equitable and
Effective Teaching; and describe changes that are needed to the system
to make undergraduate education equitable and effective to benefit all
students. Chapter 2 presents a brief overview of the institutional context
for undergraduate STEM learning in the United States. Chapter 3 discusses
scholarship in teaching, learning, and equity. Chapter 4 presents the seven
Principles for Equitable and Effective Teaching. Chapter 5 illustrates use of
the Principles with examples that instructors can apply to courses to improve
learning and equity across a variety of course types and formats. Chapter
6 investigates the roles of departments and academic units in determining
who teaches what. Specifically, it considers course sequences and majors in
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undergraduate STEM education, disciplinary and academic culture, and the
role of the instructional workforce. The pathways students actually take in
their STEM learning, including some of the obstacles they encounter, are
the focus of Chapter 7. Chapter 8 explores ongoing professional learning
for the instructors who teach STEM to undergraduates as well as the
preparation of future faculty. Chapter 9 discusses the role of institutional-
level policies and procedures in supporting action toward system change,
including the ways that data can inform decision making and the way that
thoughtful policies can support equitable and effective teaching. The final
chapter briefly recaps aspects of the conclusions shared in earlier chapters
and presents insights the committee has drawn from the evidence and their
analysis. Additionally, it provides specific recommendations for action to
advance equitable and effective practices in the future, as well as identifying
areas in need of further research to advance our knowledge base to allow

future improvements.

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/28268?s=z1120

Transforming Undergraduate STEM Education: Supporting Equitable and Effective Teaching

Institutional Context of Post-
Secondary STEM Education

Colleges and universities contribute to advances in science, technology,
engineering, and mathematics (STEM) and prepare the STEM workforce
as well as pursuing their more general mission of educating the population.
Many students want to learn STEM at U.S. colleges and universities in par-
ticular. This is seen in both the numbers of students who come from abroad
to enroll (Institute of International Education, 2024) and the number of
domestic students who express an interest in STEM (Main et al., 2023;
Walton Family Foundation, 2023). This chapter provides an overview of the
types of institutions where undergraduates study STEM and lays out some
statistics on the diversity of those students. The chapter concludes with a
discussion of how the complex landscape of post-secondary education in
the United States has changed over time. Today’s undergraduate STEM ex-
periences are rooted in this history, which includes longstanding inequities
that profoundly influence teaching and learning. The specific information
chosen to be addressed in this chapter is intended to provide context for the
reader navigating later chapters of the report, especially those on student
pathways, professional learning and development, and the role of institu-
tions in systemic change to support equitable and effective teaching. This
context helps in understanding that as the student population has grown
and changed over time, policies and structures have not kept pace with the
shifts, and this contributes to many students still not having equitable access

to STEM learning opportunities.
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THE CHANGING LANDSCAPE OF LEARNERS

Students bring with them diverse sets of goals and will follow a va-
riety of different pathways in their undergraduate experiences. Changing
demographics require institutions, academic units, and instructors to adjust
the learning environment to support all students. If institutions and depart-
ments are to meet present and future STEM workforce needs, the system
of undergraduate STEM education needs to be broadened and expanded,
welcoming and supporting a diverse range of learners through the creation
of learning environments that are truly inclusive. This section documents
some of the data on the variety of students who make up the undergradu-
ate population that needs to be served by undergraduate STEM instructors
and academic units.

Undergraduate Students

Chapter 1 described the broad view the committee takes of who counts
as an undergraduate STEM student student—a view that includes those
taking a single course, seeking a certificate, or working toward a degree
in a STEM major. In the paragraphs below, we share selected statistics on
the undergraduate population as a whole, highlighting specific details on
undergraduate STEM students where those are available. As is the case
throughout the report, statistics reported here use the terminology of the
original data source (e.g., Hispanic or Latinx rather than Latina/o).

As of Spring 2024, undergraduate enrollment in bachelors and associ-
ates granting institutions totaled 14,683,574 nationwide (National Student
Clearinghouse Research Center, 2024). The undergraduate student popu-
lation in U.S. higher education is diverse, including learners of different
ages, races, ethnicities, genders, and religions, as well as veterans, parents,
caregivers, students who are the first generation in their families to go to
college, undocumented students, and those displaced from jobs looking to
upskill or exploring new directions or seeking new career opportunities
(Garvey & Dolan, 2021; Jenner, 2017; LeBouef & Dworkin, 2021; Na-
tional Center for Education Statistics [NCES], 2024c). Students come from
different socioeconomic classes, including the approximately 30% who are
Pell Grant recipients (NCES, n.d.c) and from rural, suburban, and urban
areas and all regions of the United States, as well as many international
students. Students who are neurodivergent and those with apparent and
non-apparent disabilities are increasingly represented, making up at least
20% of the student population (NCES, 2023e).

In Fall 2023, transfer students accounted for 13% of all undergraduate
students (National Student Clearinghouse Research Center, 2023). Transfer
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is on the rise, especially among underserved groups, including low-income
students, Black and Hispanic students, and rural students (National Student
Clearinghouse Research Center, 2023). Compared to 2022, the number of
students transferred to a new institution increased by 5% in 2023, mainly
driven by the upward transfer from two-year to four-year institutions (Na-
tional Student Clearinghouse Research Center, 2023).

Multiple studies have found that rural students are less likely to enroll
in college than nonrural students (Byun et al., 2012; Koricich et al., 2018;
Wells et al., 2019). However, it has been suggested that this disparity is also
influenced by multiple factors such as family income or socio-economic
status, affordability of college, a lack of rural recruitment, lack of college
readiness programming, and distance from institutions of higher education
(Mowreader, 2024; The Institute for College Access and Success, 2023;
Wells et al., 2023).

White students comprised over 52% of the enrolled student population
by Fall 2021, compared to Hispanic (22%), Black (13%), Asian (7%), and
Native American/Alaskan Native students (1%; NCES, 2023a). In 2021,
students identifying as women (58 %) outnumbered students identifying as
men (42%) across all racial demographics in undergraduate school pro-
grams (NCES, 2022). Students who are parents make up nearly a quarter
of undergraduate students (Urban Institute, 2024). During the 2019-2020
academic year, students who are military veterans made up approximately
5% of the undergraduate students, with average age of 32 (Melidona &
Wright, 2023).

Over half of undergraduate students in the United States are first-gen-
eration college students (e.g., students whose parents do not have a bach-
elor’s degree; RTI International, 2023). First-generation college students’
parents’ median income was $41,000 in 2020 (RTI International, 2023).
Nearly three-quarters of Hispanic/Latins/a/o undergraduate students are
among this group, as well as approximately two-thirds of Black or African
American students (RTI International, 2023).

According to the most current data by NCSES (NCES, 2019b), 19%
of undergraduates were identified as having a physical, mental, or learn-
ing disability, and 28% of them were enrolled in a science and engineering
field. Compared with undergraduates without disabilities, students with
disabilities were less likely to receive financial aid and were less likely to be
enrolled full time for a full year at one institution (NCES, 2019a).

According to the most current data published in Women, Minorities,
and Persons with Disabilities in Science and Engineering (NCES, 2019b),
out of all the undergraduates enrolled during the 2015-2016 academic year,
28% of students declared a science or engineering major field of study, with
close to 8% of those students in life sciences. In academic years 2023-2024,
over half of the international students studied in the STEM fields, with math
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and computer science being the most common disciplines of study (Institute
of International Education, 2024). The number of international students in
the United States has steadily increased since 1950, with brief declines in
the early 1970s, mid-2000s, and in 2020 (Stewart-Rozema & Pratts, 2023).
In 2022-2023, about 5.6% of undergraduate students were international
(Stewart-Rozema & Pratts, 2023).

Inequities in STEM Degree Attainment
and Workforce Participation

STEM students take non-linear journeys through the landscape of
higher education. Institutional curricular programming and “pathways”
provide formal entry and exit points, but the journey is an experience that
is unique to each student. The complexity of these student journeys can
combine with the systemic barriers in ways that, for many, cause their edu-
cational STEM journey to stop short of STEM degree attainment for those
who were seeking a degree (National Academies of Sciences, Engineering,
and Medicine [National Academies], 2016). This is evident in the fact that,
six years after initial enrollment, about half of the students enrolled in a
STEM bachelor’s program have not earned their degrees (Eagan et al.,
2014; National Academies, 2016; Van Noy & Zeidenberg, 2014).

Though the proportion of science and engineering (S&E) degrees
earned by underserved minorities increased between 2011 and 2020, degree
attainment saw uneven growth and representation between racial groups.
For example, one study reported that 40% of Black and 37% of Latina/o
students switch majors before earning a STEM degree, compared with 29%
of White STEM students (Riegle-Crumb et al., 2019). White students and
Asian students make up a disproportionately large share of S&E degree
recipients at the bachelor’s level and above (NCSES, 2023a). From 2021
to 2022, White students and Asian students earned over 70% of bachelor’s
degrees across all STEM fields (NCCES, 2023¢, Table 318.45).

Limited research on community college and career and technical educa-
tion (CTE) students focuses on persistence, completion, or transfer (Soliz,
2023). One of the most robust studies within this small research base is a
national survey of CTE and STEM pathways by Van Noy and Zeidenberg
(2017). The authors utilized national transcript data to provide a descrip-
tive portrait of students who navigate STEM and technician programs.
Their findings suggest that, nationally, 13% of students enrolled in tech-
nician programs earned a certificate or associate degree. About 19% of
students in technician programs transferred to a four-year institution in
STEM within six years. Further, a small percentage of these students (7%)
earned a bachelor’s degree and 41% left without a credential (Van Noy &
Zeidenberg, 2017). An earlier study situated within the state of California
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with a focus on CTE transfer rates indicated a similar transfer rate, showing
that 20.5% of students starting in CTE courses or programs and having fin-
ished at least 12 transferrable credits transferred into a four-year program
(Karandjeff & Schiorring, 2011).

People who have STEM degrees on average have higher earnings in the
workforce, regardless of gender, race, ethnicity, or disability status (NCSES,
2023a). Broadening access to STEM education and removing barriers that
make it difficult for underserved populations to attain STEM degrees ulti-
mately leads to the diversification not only of the student population but
of the STEM workforce. While the overall employment in the United States
has grown by 34% since 1990, STEM employment has grown by 79%
(Funk & Parker, 2018). It is estimated that STEM jobs will grow at a faster
rate (7% vs. 2%) than non-STEM jobs during the next ten years (Bureau of
Labor Statistics, 2022). There are discrepancies between the specific STEM
expertise and upcoming work demands, and institutions are struggling to
meet current and future demands for STEM majors and professionals, given
the technological advances across industries. Improving STEM enrollment
and attainment could help meet the need for STEM workers if we consider
that identity-based barriers to education and degrees have kept the pool of
potential workers artificially small.

Though the U.S. STEM workforce became more diversified in the last
decade (NCSES, 2023a), equity gaps persist, and Black, Hispanic, and
American Indian/Alaska Native people continue to be underrepresented in
the S&E degrees and S&E occupations relative to their shares of the general
population (Fry et al., 2021; NCSES, 2023a; Okrent & Burke, 2021). In
2021, underserved minorities (Hispanic, Black, and American Indian/Alaska
Native people) made up a higher share of the skilled technical workforce
(32%) than those employed in STEM occupations with at least a bachelor’s
degree (16%; NCSES, 2023a). While the number of women in the STEM
workforce increased by 31% between 2011 and 2021(NCSES, 2023a), the
gender gap remains significant, with women making up less than one-third
of the STEM workforce (Piloto, 2023). In particular, women made up only
26% of computer and mathematical scientists and 16% of engineers in
2019 (Burke et al., 2022).

TODAY’S STEM LEARNING ECOSYSTEM

Institutions vary by type, culture, and mission, with different emphases
around aspects of research and scholarship, education, partnerships with
industry and governmental agencies, and their communities. All of this
comprises institutional context and disciplinary culture that together influ-
ence how each department or program unit makes choices about which
behaviors are encouraged or rewarded, discouraged or tolerated. As we
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discuss later in the report (Chapters 6 and 8), this influence extends to
teaching and how it is understood within the broader work of the academic
unit and institution. While teaching and student learning is one inherent
focus of all institutions of higher education, an emphasis on teaching and
learning is not always a driving priority. For example, research plays a dis-
proportionate role in decision making at many institutions. Other factors
that influence decision making include the available resources, including the
revenue from tuition and governmental funding. To help frame the discus-
sions about priorities and decision making in later chapters, we present here
some data on the types of institutions where undergraduates study STEM,
with a focus on how much the student demographics vary by institution

or institution type.

Institution Types and Enrollment Patterns

Our current system of higher education includes a wide variety of insti-
tution types—what we in this report usually refer to collectively as colleges
and universities. This section presents a high-level overview of some of the
ways that post-secondary institutions are grouped and described, including
some background on the origins of various types, including some minority

serving institutions (MSIs).

Undergraduate students today learn in many different types of settings.
In 2022, nearly three times the number of students were enrolled at public
post-secondary institutions compared to the number that were enrolled
at private institutions (13.5 million vs. 5.1 million on average; NCES,
2023c,d). Institutions of higher education vary dramatically in size, with
enrollment ranging from under 100 students to many tens of thousands.
Some serve primarily local populations, and some attract students from
across the country and the world. Budget and endowments also vary dra-
matically, which influence the policies and practices, as well as the student

experiences.

Open-access institutions employ a non-competitive college admissions
process where the only criterion for entrance is a high school diploma,
certificate of attendance, or General Educational Development certificate.
This type of institution includes some regional public institutions and
community colleges. Community colleges enrolled 8.9 million students
in 2020-2021 and educated a disproportionate share of underserved stu-
dents, with 7% Asian, 12% Black, and 26% Latinx (Community College
Research Center, 2022). In addition, open-access institutions are often
under-resourced compared to other institutions (Yuen, 2020). Community
colleges often provide a wide variety of workforce development programs

that align students’ skills with local job market demand.
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Selective institutions (sometimes called highly rejective institutions)
require students to compete for admission by demonstrating their cre-
dentials in academic and other areas. Collectively these institutions enroll
larger shares of White and Asian American/Pacific Islander students, while
American Indian/Alaska Native, Black/African American, and Hispanic/
Latina/o students collectively remain underrepresented. In 2019, this latter
group made up only 21% of selective college enrollments, compared to
their 37% share of the general college-age population (Strohl et al., 2024).
For both groups, over- and underrepresentation looks similar between 2009
and 2019 (Strohl et al., 2024).

Most colleges and universities in the United States began as Predomi-
nantly White Institutions (PWIs). However, multiple types of institutions
are classified based on their enrollment demographics or historic missions.
MSIs are defined by federal guidelines, which are based primarily on the
percentage of students enrolled from designated demographic groups. MSIs
enroll approximately five million students, nearly 30% of all undergradu-
ates in U.S. higher education (National Academies, 2019c¢).

Historically Black Colleges and Universities (HBCUs) were established
starting in the 19th century to counter the exclusion of Black students
from other institutions. Notably, though HBCUs comprise only 3% of all
post-secondary institutions, they account for 8% of Black undergraduate
enrollment and are responsible for about 13% of all bachelor’s degrees
earned by Black students (The White House, 2024). Toldson (2019) reports
that HBCUs represent 3% of total institutions of higher education, yet from
2002 to 2011, 21 of these institutions have made the top 50 baccalaureate-
origin institutions of Black doctorate recipients in science and engineering
(Fiegener & Proudfoot, 2013).

Tribal Colleges and Universities (TCUs) were established starting in
the 1960s to give more autonomy to Indigenous communities in educating
their members (Stein, 1999). TCUs enrolled about 17,000 undergraduate
students in 2022 (Postsecondary National Policy Institute, 2024). Grant-
funded opportunities and partnerships in recent years have enabled TCUs to
expand STEM programming for traditionally underrepresented populations
(National Academies, 2019¢c).

Hispanic Serving Institutions (HSIs) have considerable variability in
size and focus. While they represent 20% of institutions nationwide, HSIs
enroll almost two-thirds of the Hispanic student population (Hispanic As-
sociation of Colleges and Universities, 2024). Effort has been made to enroll
and retain more Hispanic students in the STEM fields at HSIs (National
Academies, 2019¢).

The federal government also now recognizes Asian American and Na-
tive American Pacific Islander Serving Institutions, Alaska Native-Serving
and Native Hawaiian-Serving Institutions, Predominantly Black Institutions,
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and Native American-Serving Nontribal Institutions. Together, these col-
leges and universities help offer broader access to higher education for
students (National Academies, 2019c¢).

THE CHANGING LANDSCAPE OF
THE INSTRUCTIONAL WORKFORCE

According to the National Center for Education Statistics (NCES,
2024a), there were 1.5 million faculty employed at degree-granting post-
secondary institutions as of Fall 2022, with 63 % employed at public institu-
tions and 33% employed at private nonprofit institutions. Among full-time
faculty, 72% were White, 13% Asian, 7% Black, and 6% Hispanic (NCES,
2024a). Though faculty who are women increased by 13% from 2009 to
2021, men make up a greater proportion of full-time tenured faculty. In
2022-2023, at institutions with a tenure system, the percentage of full-time
faculty with tenure was higher for men than for women (53% vs. 40%;
NCES, 2023f; Kezar & Acuna, 2020). White men make up a higher share
of tenure-track positions than non-tenure-track positions, with 39% of
professor-rank faculty being White men and 33% of non-professor-rank
faculty being White men. A similar pattern is seen for Asian men (8% pro-
fessor rank and 5% non-professor rank) but not for Hispanic females (3%
of the professor rank and 4% of the non-professor rank; NCES, 2024a).

American institutions now heavily depend on contingent faculty (Chun
& Evans, 2023; Culver & Kezar, 2020; Garcia et al., 2017; Villanueva Alar-
con & Munoz, 2023). Over the past 30 years, the U.S. academic workforce
has shifted from mostly full-time tenured or tenure-track faculty to mostly
contingent faculty (e.g., full-time non-tenure-track, full-time with no tenure
system, and part-time faculty, included in our definition of VITAL educa-
tors). Over two-thirds of faculty members at post-secondary institutions in
the United States held contingent appointments in Fall 2021, compared to
just under half in Fall 1987 (Association of American Universities, n.d.).
These instructors typically hold temporary appointments at colleges and
universities, with appointments ranging from a single term to a few years
without a guarantee the appointment will be renewed when it expires.

Research shows that the instructional workforce is less diverse than the
undergraduates they teach and less diverse than the graduate students and
postdoctoral scholars working in academia; in 2022, 76 % of faculty were
White while 52% of undergraduates were White (Hanson, 2024; NCES,
n.d.b). For example, while underrepresented minority students earn 26 %
of STEM bachelor’s degrees, only 10% of STEM faculty at four-year insti-
tutions come from underrepresented minority backgrounds (Bennet et al.,
2020; NSF, 2023). Whereas women’s overall representation has increased
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steadily across all domains of study, they remain underrepresented among
new hires in STEM (Wapman et al., 2022). While women earn approxi-
mately half of the bachelor’s degrees in STEM, only about 30% of tenured
STEM professors and associate professors are women (NCSES, 2023a).

Recent studies have addressed the challenges of instructor workload
(Griffith & Altinay, 2020; Misra et al., 2021; Taylor & Frechette, 2022).
Mental health and morale are a concern for the instructional workforce
with many teaching and learning professionals struggling with expectations
and workload that put them at higher risk of burnout due to increases in
responsibilities without increases in staffing (Hyson et al., 2021; Muscanell,
2024). One aspect of the increased workload is the number of students re-
questing flexibility or accommodations or needing additional academic or
emotional support (Cole & Griffin, 2013; Guzzardo et al., 2021). The abil-
ity to take risks and be available to support students differs across instruc-
tional roles. For VITAL educators in particular, these challenges, coupled
with the existing struggles to keep up, can take a toll on their well-being.

Centers for teaching and learning are one support and resource for the
instructional workforce and they have become more common at colleges
and universities over the past several decades. While these types of centers
can provide instructional support to instructors, the size and scope vary by
institution (Campbell, 2023; Wright, 2023). At some institutions, VITAL
educators (including graduate student teaching assistants) are a significant
component of the undergraduate education workforce, but they are not
always the primary audience for programs run by the institution’s center
for teaching and learning (Culver et al., 2023; Fuller et al., 2023). Op-
portunities for professional learning and development for these instructor
categories is sometimes limited in part due to policies and structures around
the pay and labor practices, and this has implications at institutions with
a growing and heavy reliance on them for teaching capacity (Baldwin &
Wawrzynski, 2011; Hurlburt & McGarrah, 2016; Walling, 2023). These
issues are discussed at greater length in Chapter 8.

The Impact of Funding on Higher Education Institutions

Funding provides opportunities and constraints on decision making
including decision making about teaching. While funding is not the focus
of this report it does impact student learning experiences in ways that range
from the increase in VITAL faculty mentioned above to class size and re-
sources for laboratory and field work.

Institutions have varying levels of resources and make different choices
about allocating that funding. An institution often has varied funding
sources, all of which contribute to its total budget and impact decision
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making. Some institutions have significant endowments that support their
operations; others receive significant research funding from federal and
state governments, industry, and foundations, which provide prestige and
influence policies and priorities. Other important sources of funding include
support from state legislatures for public institutions, tuition revenue, aux-
iliary activities (e.g., athletics), and giving by alumni and other supporters
of the institution.

Public institutions have seen dramatic changes in the percentage of
their budget supported by state funding. In 2020, less than 6% of state
revenue (nationally) was allocated to higher education (see Figure 2-1). In
the most recent ten-year period, no state has increased its effort to support
higher education across the following three measures: allocation to higher
education, support per capita, and support per $1,000 of personal income
(SHEEO, 2022). This lack of increase effectively functions as a decrease in
state funding. This has real and profound consequences: research shows
that a decrease in state funding results in declining graduation rates at four-
year colleges, leading to decreases in statewide bachelor’s degree attainment
(SHEEO, 2021).

Research reveals different patterns in the responses of various types of
institutions to state funding cuts. In general, doctoral institutions respond
to funding cuts by raising tuition and other alternative revenue sources.
Four-year and two-year institutions, on the other hand, made up the gap by
lowering support—cutting expenditures on instruction, academic support,
and student services (Mitchell et al., 2019; SHEEO, 2021).

Several studies have demonstrated that when the National Science
Foundation (NSF) has provided institutional support to HBCUs, those in-
stitutions saw a drastic increase in research capability and productivity, as
well as an overall increase in institutional capacities (National Academies,
2022, 2024b). These studies show that funding is directly tied to the edu-
cation and successful development of underserved students, particularly
at HBCUs, and disparities in funding may be linked to lower outcomes in
productivity and research capacity that impact students. Toldson (2019)
reports funding, particularly at the federal level, impacts overall success at
HBCUs, arguing that lower funding at HBCUs contributes to lower out-
comes when compared to PWIs.

In order to help institutions make financial decisions in ways that pri-
oritize students, the National Association of College and University Busi-
ness Officers (2024c¢) recently created a Student Success Hub, a combination
of toolkits and resources that are organized around three focused areas:

1. Data to Inform Decisions: Infrastructure, Analytics, and Usage

2. Financial Resource Optimization for Students Using Enhanced Re-
turn on Investment Concept

3. Student-Centered Planning, Processes, and Budgeting.
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These tools demonstrate the relationship between strategic financial
investments and equitable students’ outcomes.

HISTORY CONTINUES TO INFLUENCE
TODAY’S APPROACHES TO EDUCATION

Understanding past decisions, agendas, and beliefs is essential in ap-
proaching and achieving equitable and effective teaching in present-day
undergraduate STEM education. As mentioned in Chapter 1, despite some
recent progress, the pathways and outcomes of students can still be pre-
dicted by factors such as their race, ethnicity, gender, and family income.
Addressing these inequities requires recognizing that the historical legacy
of higher education in the United States has produced deep, persistent,
systemic inequities in all of post-secondary education that is even more
exaggerated in the STEM fields.

Gradual Increases in Access to Higher Education

The default paradigm of science in the United States is Western and
Eurocentric, which is rooted in white supremacy and has actively ostracized
diverse ways of knowing (Mensah & Jackson, 2018; Morton et al., 2023).
Western science positions humans as removed from the natural world and
superior in their objectivity, relegating any conversation about culture or
positionality to the periphery, effectively creating a power differential in
whose voices count and whose knowledge is considered valid (Bang et
al., 2012; Carter, 2006; Harding, 2008). The legacy of this Western and
Eurocentric paradigm of science as objective and committed to illuminat-
ing singular fundamental truths and unifying theories influences the way
instructors today interact in teaching and learning settings.

The education system in the United States is built on a historical legacy
of slavery, segregation, and exclusion (National Academies, 2024a; Qui-
jano, 2000). Upon invading the Americas, European settlers used violent
means to displace and expel Indigenous people in order to settle on their
land. This expulsion took many forms: settlers exposed Indigenous people
to harmful illnesses that led to death; they disturbed the natural ecosystems
and exploited natural food supplies; they used weaponry to murder Indig-
enous people; and they pushed Indigenous communities off their native
land to build colonial communities, which frequently involved building
colleges (Dunbar-Ortiz, 2023; Wolfe, 2006). Indigenous people were rarely
allowed to remain near colonial settlements, and even more rarely allowed
on college campuses (Dunbar-Ortiz, 2023; Wilder, 2013; Wolfe, 2006). They
were only allowed access to college grounds to serve as servants or for the
purposes of assimilation. In the latter case, Indigenous men were enrolled
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as a means of spreading Eurocentric norms, beliefs, and practices (e.g.,
linguistic, religious) to their respective tribes and communities (Beardall,
2022; Wilder, 2013).

The chattel slavery of Black people was likewise central to the Euro-
pean project nation-building, which was undertaken in part through the
development of the education system. The Atlantic slave trade, orchestrated
by Europeans, forced enslaved Black people to live and work across all of
the Americas, including in the British colonies and what would eventually
become the early United States. Although Black people were most often
enslaved by White people on privately owned estates, many were forced to
labor on colonial college campuses. Indeed, Harris et al. (2019) notes that
colleges regularly “rented” enslaved Black people to build and maintain
the college facilities and grounds, and Wilder (2013) details how college
presidents and faculty members who enslaved Black people forced them to
work on campus.

Through these actions, Europeans proclaimed themselves superior—de-
serving of love, respect, education, health, and limitless possibility—while
Black and Indigenous people (and later other People of Color) were cast
as less than human, intellectually inferior, and thus undeserving of a full
life (Dunbar-Ortiz, 2021; Quijano, 2000; Wilder, 2013; Wolfe, 2006). Eu-
ropeans stereotyped individuals in these groups as intellectually inferior
and incapable (Gonzalez-Stokas, 2023), but at the same time feared that
education might embolden or empower them. Black and Indigenous people
were systemically excluded from educational institutions through laws and
policies that forbade and severely punished individuals and groups who
attempted to pursue education (National Academies, 2023).

This worldview provided a foundational logic or assumption about
what kind of people were capable of learning and whose knowledges and
ways of knowing were legitimate and worthy of shaping society and being
included in higher education (Gonzalez-Stokas, 2023). The ideas that early
American scholars used to build academia were drawn from European
ideas, which not only impacted the academic profession and the disciplines
but created the legacies of exclusions in contemporary STEM teaching and
learning (Gonzales & Culpepper, 2024). The principles used to structure the
policies and practices of these institutions, such as exclusivity in admission,
were in service of the class and racial hierarchies that were entrenched at
the time. Many higher education institutions did not admit students of color
or women until the mid-20th century (National Academies, 2023). The
debates over the renaming of buildings and colleges, such as Calhoun Col-
lege at Yale (Branch, 2015), are examples of how the individuals in higher
education have been identified as racist and/or inequitable in their actions,
but fewer institutions have gone so far as to recognize the historical legacies
of the entire system (Lee & Ahtone, 2020). While some progress has been
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made to better include more diverse populations in higher education, that
has not always been the goal of reform efforts and has even more rarely

been the result.

Even when admission opportunities expanded, students from under-
served populations have often remained marginalized. The Morrill Land-
Grant Acts, beginning in 1862, facilitated the creation of public institutions
for higher education in states which made it more practical for a wider
variety of people in a wider variety of locations to access learning (Mor-
rill Act, 1862). While this legislation increased the number of universities
and made post-secondary education more available, the main beneficiaries
remained relatively prosperous White men. Additionally, the creation of
these land-grant institutions was largely carried out by appropriation and
sale of Native lands and still excluded many populations from enrolling as
students. Furthermore, many institutions were not optimally suited to meet

the needs of the diverse students that did attend them.

The second Morrill Act of 1890 recognized and addressed this limita-
tion but primarily did so by creating Black institutions instead of expanding
access for Black students to existing institutions. These are some of the in-
stitutions the Higher Education Act of 1965 federally recognized as HBCUs.
The 1890 Morrill Act therefore was one factor that allowed existing uni-
versities to continue as predominately White environments (Second Morrill
Act, 1890). Overall access to higher education increased for Black students,
but they remained largely excluded from the best-resourced and well-
established institutions. Additionally, the creation of these new components
of the higher education landscape was influenced by the existing models
as structures, policies, practices, and operating principles largely replicated

those first established by the colleges founded in colonial America.

In the early 20th century, the formation of junior or community colleges
further expanded access, providing additional and often more affordable
opportunities for a wider variety of students. These institutions replicated
many of the policies and practices of existing institutions and helped main-
tain the status quo in the United States by diverting students (largely those
who are part of underserved populations) from university to an extension of
high school (Brint & Karabel, 1989). Undergraduate admissions further ex-
panded in the wake of the Second World War, when many returning service

1 The founding dates of various institutions are one window into this history: The first
university (Harvard University, 1636); the first public institutions (the University of Georgia,
1785, and the University of North Carolina, 1789); the first engineering school (United States
Military Academy West Point, 1802); the first technical university (Rensselaer Polytechnic
Institute, 1824); the first women’s college (Wesleyan College, 1836); the first university for
African American students (Cheyney University, 1837); the first designated land-grant institu-
tions (Michigan State University, 1962, and Penn State, 1863); the first community college

(Joliet Junior College, 1901); and the first Tribal college (Diné College, 1968).
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members were able to attend college through the G.I. Bill, introduced as
part of the Servicemen’s Readjustment Act (Servicemen’s Readjustment Act,
1944; Malcom-Piqueux, 2020). However, due to discriminatory practices,
many populations (especially Black veterans) were still excluded and not
able to equally benefit. This more firmly entrenched racial stratification
within higher education and furthered inequality (Turner & Bound, 2002).

The increase in federal funding for research has precipitated another
significant change to the higher education landscape. The 1950 creation
of NSF (National Science Foundation Act, 1950) and the expansion of
the National Institutes of Health extramural grant program in the 1950s
provided money that allowed enormous increases in research on campuses
and intensified the prestige accorded to faculty and institutions with high
levels of research productivity (Malcom-Piqueux, 2020; Mazuzan, 1994).
Prompted by the launch of Sputnik in 1957, the Space Race effort in the
United States increased federal funding for science in higher education.
However, the educational aspect of this increased funding was focused on
individuals to whom society accorded the greatest potential for genius-level
contributions to technology, and thus once again excluded many and failed
to consider ways in which society benefits when large numbers of citizens
have an increased understanding of complex technologies. While efforts
to improve racial equity were one part of NSF’s plan for this money, the
social and political realities forced the agency to set these priorities aside
(Malcom-Piqueux, 2020).

The 1965 Higher Education Act creating the federal designation of
HBCUs and allocating them some dedicated funding also marked a change
in overall federal support for higher education by providing grants and
access to loans that increased access to higher education for students from
a variety of family incomes and zip codes (Higher Education Act, 1965).
The year before, the Civil Rights Act of 1964 prohibited exclusion based
on race, color, national origin, sex, or religion. This federal legislation also
contributed to increased access for students from a wide variety of races
and ethnicities to institutions that had previously offered very limited access
(Civil Rights Act, 1964). However, many restrictions remained in practice
resulting from discrimination, implicit and explicit bias, and financial bar-
riers, among others.

Federal legislation also increased access for other underserved groups.
Title IX in 1972 further enabled participation by women (Title IX of the
Education Amendments, 1972). The next year the passage of the Rehabilita-
tion Act increased access for people with disabilities through its Section 504
(Rehabilitation Act, 1973). HSIs were established in the 1980s (formally
recognized in 1992) with an intention to serve Hispanic students (Espinosa
et al., 2017). The Perkins Act series of legislation (Carl D. Perkins Voca-
tional and Technical Education Act, 1984) helped shift vocational education
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to CTE, providing programs that connect learning experiences with work-
force preparation to be more meaningful and relevant to students’ needs
(Fletcher et al., 2013). While these and other initiatives have dramatically
increased the participation of previously underserved populations in higher
education, they have not yet led to equitable opportunities and outcomes
for students from all populations.

Systemic Inequities in Teaching and Learning Remain

Systemic inequities in teaching and learning have long been embedded
in the practices and standards of educational institutions. The dominant
teaching approach has long combined class lectures and testing. Over the
past century, tutorials and small-group models have grown, innovations
that well-resourced institutions were more able to provide (Zimmerman,
2020). In the past few decades, many commitments to instructional im-
provement have emerged, although not at a widespread level. These include
centers for teaching and learning, course evaluation results in promotion
dossiers, and increased use of evidence-based instructional practices (Ham-
pel, 2021; Zimmerman, 2020).

The research university continues to set the standard and expectations
about teaching and research. While the past 40 years have seen many signs
of progress, in some ways, an educational crisis is recurring from one aca-
demic generation to the next with teaching continuing to be undervalued
by academic units, disciplines, and institutions.

Even outside of research universities, at institutions where the “publish
or perish” mindset is less prevalent, aspects of the historical context persist
in, for example, the faculty hiring process; these lingering, often outdated
standards are barriers to equitable and effective teaching. In a recent study,
Wu et al. (2023) examined how applicant characteristics are considered
and evaluated in STEM faculty hiring practices. They found that “affinity
bias (preference for sameness), confirmation bias (tendency to believe per-
spectives that are consistent with our preconceived beliefs), and halo bias
(tendency to assume an individual who exhibits one positive quality will
also outperform overall)” lead to an emphasis on research and postdoctoral
reputation over institutional diversity, equitable and inclusive teaching,
research, and service (p. 15).

SUMMARY

The complex landscape of post-secondary education in the United
States has changed over time to better include more diverse populations
of students. However, policies and structures have not kept pace with the
changes, and many students still do not have equitable access to STEM
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learning opportunities. Demographic changes in the undergraduate popula-
tion in some ways mirror demographic changes in the country as a whole.
These changes reflect initiatives to better prepare students for college and
to welcome students who do not fit the traditional expectations for un-
dergraduates to enroll. This expansion of who is considered a potential
member of the undergraduate student body is necessary to fairly prepare
students to navigate the world and to provide opportunities for them to
develop knowledge, skills, and competencies that prepare them to join the
STEM workforce. Addressing the uneven representation among demo-
graphic groups in taking and completing STEM courses and degrees is a
key topic that will be further addressed throughout the rest of this report.
Today’s instructional workforce differs significantly from past decades, as
VITAL educators have become more common and tenure-track positions

have declined.

Conclusion 2.1: Undergraduate STEM education occurs in many types
of institutions with varying missions, goals, resources, and student
populations; but all these types of institutions share a responsibility for
providing high-quality STEM learning experiences for students.

Conclusion 2.2: Many longstanding policies and practices in under-
graduate STEM education have produced, perpetuated, and exacer-
bated differences in opportunities, experiences, and outcomes among
post-secondary STEM students from underserved population groups.
This is shown in research that finds that students from lower socio-
economic backgrounds, students of color, first-generation college goers,
women, and students with disabilities are among the groups who bhave

consistently fared worse in post-secondary STEM education.

Conclusion 2.3: Recent changes in the demographics of the student
population, college costs, and pressures on higher education to meet the
demands of the 21st-century STEM workplace underscore the need to
re-evaluate instructional practices in STEM and improve the learning

experiences of undergraduate students in STEM courses.
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Understanding Teaching,
Learning, and Equity

Experts have developed a significant body of work on how people learn
and what teaching strategies are most effective (National Academies of Sci-
ences, Engineering, and Medicine [National Academies], 2018, 2020). In the
past few decades, scholarship that explores issues of equity and inequity in
teaching and learning, in particular, has increased. The extent of research
and scholarship in the fields of psychology, cognitive science, learning sci-
ence, cognitive psychology, scholarship of teaching and learning, discipline-
based education research, and other related fields that contributes to our
understanding of how people learn is vast. The previous chapter gives a
brief overview of the institutional context for teaching and learning in U.S.
undergraduate science, technology, engineering, and mathematics (STEM)
education, raising many issues related to the diversity, opportunity, and
challenges for institutions teaching undergraduate STEM education. While
the diversity of students, instructors, and institutions means that decisions
must be made with awareness of local context, extensive research provides
strong evidence to help guide understanding and decision making. This
chapter therefore provides an overview of what we know about how people
learn, evidence for practices that support learning, and practices of par-
ticular concern in the STEM disciplines because they lead to inequity. This
rich scholarship provides the grounding for this entire report and is drawn
upon in Chapter 4 for the development of the Principles for Equitable and

Effective Teaching.

45
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LEARNING IS COMPLEX AND WELL STUDIED

Learning is a process of actively constructing knowledge through con-
ceptual reorganization of ideas, not simply the accrual of information
(Kober, 2015). The brain is a “dynamic organ;” even a mature brain is struc-
turally altered during learning (National Research Council [NRC], 2000,
p. 235). New knowledge is generated when the brain actively connects
information to prior knowledge and experience (Kober, 2015; NRC, 2000).

Effective practices are student centered, learner focused, and grounded
in research (e.g., with evidence from multiple studies showing student
learning gains; NRC, 2012a, 2015). Evidence-based pedagogies are more
cognitively engaging for students and show them the relevance of STEM
concepts and skills. In particular, scholarship shows the benefits of taking
a student-centered approach, where students actively engage in their own
learning process (Bligh, 2000; Chi & Wylie, 2014; Theobald et al., 2020).
Researchers have found that when students actively engage in learning
they are more likely to develop robust conceptual understanding, be able
to transfer learning across contexts, and retain ideas (Armbruster et al.,
2009; Devlin & Samarawickrema, 2010; Ebert-May et al., 1997; Hogan
& Sathy, 2022; Lyle et al., 2020; Watson et al., 2023). Students in large
STEM courses that combine pre-class preparatory assignments and in-class
active learning activities earn higher grades, have lower failure rates, and
report an increased sense of community over courses that use simply lecture
(Eddy & Hogan, 2014; Freeman et al., 2014). Studies also show that these
approaches can increase the probability of equitable outcomes between un-
derserved students and their peers (Dewsbury et al., 2022; Eddy & Hogan,
2014; Haak et al., 2011; Theobald et al., 2020). The above citations are
only selected examples of the large body of the existing empirical research,
which employs a range of methods—including randomized control trials,
experiments, quasi-experiments, longitudinal, cross-sectional, correlational,
and observational studies—to show that student-centered instructional ap-
proaches, often referred to as active learning, can have a positive effect on
student learning.

However, despite this evidence and calls for reform, STEM instruction
at the undergraduate level remains entrenched in ineffective practices, with
traditional lecture primary among them (Egger et al., 2019; Harper et al.,
2019; Stains et al., 2018). STEM teaching has historically been didactic,
unidirectional, and instructor centered with in-person lectures being the
dominant approach. While many effective teachers use a mix of techniques
that include lecturing and employ approaches that make it possible for
students to actively engage with content during traditional lectures, re-
search has shown that relying solely on lectures or memorization is inef-
fective for and even alienating to many students (Dewsbury et al., 2022).
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This approach to knowledge/skill acquisition is not consistent with what
research and theories of learning say works best, and can perpetuate exist-
ing biases.

Research on Learning

As mentioned above, a great deal is known about how learning hap-
pens, with contributions from the fields of psychology, cognitive science,
learning science, neuroscience, cognitive psychology, behavioral science,
scholarship of teaching and learning (SoTL), discipline-based education
research (DBER), and other related fields (e.g., National Academies, 2018).
Together these fields provide evidence for teaching approaches that foster
learning of particular relevance to this study; they capture information
about inequities in STEM learning and provide information about teaching
strategies that reduce inequity in STEM learning environments.

As defined in a 2012 National Academies report, “DBER investigates
learning and teaching in a discipline using a range of methods with deep
grounding in the discipline’s priorities, worldview, knowledge, and prac-
tices” (NRC, 2012b, p. 9). DBER investigations lead to generalizable find-
ings that can improve teaching, learning, diversity and inclusion, and other
aspects of the discipline.

SoTL involves taking a scientific approach to one’s own teaching—in-
formed by prior scholarship on teaching and learning—and sharing the
results broadly to serve as a model for others. Testing the impact of an
intervention in a particular course or curriculum may not always provide
generalizable findings, but it does provide evidence for the potential ef-
fectiveness of an approach by describing the criteria necessary for the
intervention’s success.

Learning science is an interdisciplinary research area focused on the
systematic study of how learning occurs in different settings, how to im-
prove teaching, and how to help students learn more effectively (Sawyer,
2005). Most fundamentally, this work has established that learning is not
a purely cognitive process, but instead is a dynamic, socio-cultural activity
that is influenced by social, emotional, cultural, and physical factors (Na-
tional Academies, 2018).

The strength of evidence produced by the range of methods has been
characterized by the strength of evidence pyramid (St. John & McNeal,
2017), among other models. In this model, expert opinion and practitioner
wisdom of disciplinary teaching form the base of the pyramid and can pro-
vide evidence for promising practices. Case studies and cohort studies build
on this foundation to produce higher-quality evidence, and meta-analyses
and systematic reviews at the top of the pyramid provide the strongest
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evidence. In the present report, evidence comes from multiple STEM disci-
plines and studies within those disciplines, focusing on the higher levels in
the strength of evidence pyramid. In some instances, we will also refer to
promising practices, which may be supported by evidence from disciplinary
and/or cohort studies.

Increased focus on equitable teaching practices and pedagogy—es-
pecially in STEM—has grown over the past decade in part driven by an
effort to challenge deficit models of learning and cognition and a desire to
mitigate educational inequality (Bell et al., 2017; Medin & Bang, 2014;
Philip & Azevedo, 2017; Philip et al., 2018; Uttamchandani, 2018). Creat-
ing equitable and effective learning environments requires acknowledging
and attending to all of the components of learning.

Understanding Mastery and Mindset

As described in How People Learn II: Learners, Contexts, and Cul-
tures (National Academies, 2018, p. 117), “Goals—the learner’s desired
outcomes—are important for learning because they guide decisions about
whether to expend effort and how to direct attention, foster planning,
influence responses to failure, and promote other behaviors important for
learning” (Albaili, 1998; Dweck & Elliot, 1983; Hastings & West, 2011).
Goals can be broadly categorized as mastery oriented (e.g., focused on
achieving competence and understanding) or performance oriented (e.g.,
focused on appearing competent in relation to others; National Academies,
2018). A student with a mastery goal is typically working to master a skill
or learn the material, either from intrinsic motivation or being able to
use the skill or knowledge to accomplish a task, whereas a student with a
performance goal is typically working to look good in comparison to oth-
ers, often leading to a sense of competition. Instructors in the undergradu-
ate STEM classrooms influence students’ learning by defining course-level
learning goals and incorporating teaching practices and opportunities for
students to achieve these learning goals. Instructors can choose goals and
practices that focus on mastery of skills rather than performance in order
to help students engage in higher-order cognitive skills, persist in the face
of failure, and retain knowledge and skills over the long term (Henry et al.,
2019; Hernandez et al., 2013).

Mastery goals are often discussed in relation to growth mindset be-
liefs that all students can learn with effective effort, good strategies, and
help from others (Dweck, 1999; Henry et al., 2019; Limeri et al., 2023;
National Academies, 2018). When students endorse growth mindset be-
liefs, they experience a stronger sense of belonging, higher course grades,
and greater intent to persist (Limeri et al., 2023). Moreover, interventions
employing randomized controlled trials have yielded impressive results
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including improving grades and persistence in science and closing achieve-
ment gaps, though some student-focused growth mindset interventions have
shown mixed results (Canning & Limeri, 2023). In addition, the impact
of STEM instructors’ mindset beliefs and the mindset culture they create
through their teaching practices, policies, and interactions with students
has been shown to influence students’ learning experiences and perfor-
mance (Muenks et al., 2020), and influenced, too, the magnitude of racial
and class-based achievement gaps in STEM classes (Canning et al., 2019,
2024). Helping STEM instructors adopt more growth-minded beliefs and
teaching practices—including designing learning goals that provide multiple
opportunities for learning and improvement in various different ways,
and assessment practices to match the learning goals (Hecht et al., 2022;
Kroeper et al., 2020a,b)—is important to support the goals, learning, and
achievement of all students in STEM.

ACTIVE LEARNING EXPERIENCES
IMPROVE STUDENT UNDERSTANDING

As we will discuss in the section on Principle 1 in the next chapter, active
engagement is critical in the learning process. Here we discuss the related
concept of “active learning,” which has been frequently used in conversa-
tions about improving undergraduate STEM education. The phrase has
been so well used that it sometimes seems to mean any practice that deviates
from traditional lecturing. The approach of Lombardi et al. (2021) uses a
“construction-of-understanding ecosystem” model to illustrate the contrast
between traditional learning situations and the active learning environment.
In the traditional learning environment, direct experiences with phenomena,
working with data and models, and engaging in discipline-based practices
are all mediated by the instructor and transmitted to the student. In the
active learning environment, the students themselves engage in discipline-
based practices with their peers to make sense of data and models, which
provides direct experience with the practices of the discipline—including
the social component. The committee sees ways of applying this way of
thinking to a large range of disciplines and modalities. Active learning ap-
proaches have been studied in a variety of STEM disciplines (Apkarian et
al., 2021; Driessen et al., 2020; Laursen & Rasmussen, 2019). It can be
thought of as a commitment by the instructor to intentionally build in time,
opportunities, and activities that allow students agency and direct experi-
ence with the practice of the relevant STEM discipline. Students can build
agency in their own learning in a large lecture, a small seminar, a fully on-
line course, or any other modality, and the specific approaches an instructor
chooses will depend on their local context and goals for student learning.

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/28268?s=z1120

Transforming Undergraduate STEM Education: Supporting Equitable and Effective Teaching

50 TRANSFORMING UNDERGRADUATE STEM EDUCATION

Not all approaches that have been labeled as active learning necessarily
engage students actively in their own learning. Strategies such as the use of
clicker questions in lectures, laboratory activities, and a “flipped” classroom
disrupt traditional lectures and can be aspects of active learning but do not
necessarily meet this definition of active learning. Clicker questions can
contribute to engaging students with deep concepts or they can focus on
recall of obscure facts at regular intervals during a lecture; while both may
serve the purpose of keeping students engaged in listening to the lecture, the
latter does not help them focus on direct engagement with phenomena and
data of the discipline. Similarly, laboratory activities can be confirmatory
tests rather than the collection and analysis of new data. The key goal is to
help students achieve learning goals by providing opportunities for them
to engage repeatedly in the practices of science, technology, engineering,
or mathematics within a disciplinary or interdisciplinary framework. This
approach parallels the focus of A Framework for K=12 Science Education:
Practices, Crosscutting Concepts, and Core Ideas (NRC, 2012a), which
presents a vision in which students use disciplinary practices together with
cross-cutting concepts to deepen their understanding of disciplinary core
ideas.

While implementing active learning has been shown to increase student
achievement and can reduce achievement gaps in undergraduate STEM
courses it is still incumbent on instructors to implement active learning
strategies in equitable ways that respect student identity (Dewsbury et al.,
2022; Freeman et al., 2014; Theobald et al., 2020). It is also important
for instructors to recognize that some active learning strategies, such as
group work, can increase students’ anxiety (Cooper et al., 2018). Research
has shown that some populations of students have encountered challenges
in some approaches to active learning, for example LGBTQIA+ students
(Cooper & Brownell, 2016; Voigt, 2022, 2024). Therefore, it is important
to note that attending to equity is an important aspect of implementing
active learning strategies.

SPECIAL CONSIDERATIONS FOR
LEARNING IN THE STEM DISCIPLINES

While pedagogical approaches have shifted some in recent years, didac-
tic instruction remains the dominant way that STEM is taught (Stains et
al., 2018). The use of ineffective teaching strategies persists in part because
individual faculty work within a system that reinforces ineffective teaching
practices or makes change difficult (Borrego & Henderson, 2014; Feola et
al., 2023; Henderson et al., 2011; Riihimaki & Viskupic, 2019). A variety
of individual and contextual factors have been correlated with instructors’
lack of adoption of evidence-based teaching practices; these factors include
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departmental norms and negative attitudes and beliefs (Lund & Stains,
2015); large class sizes (Yik et al., 2022); inadequate learning spaces (Lei-
jon et al., 2022); greater faculty engagement in research (Apkarian et al.,
2021); a hiring, reward, and promotion system that focuses on research
excellence over teaching (Dennin et al., 2017); fixed-minded beliefs about
students’ abilities and potential (Canning et al., 2019; Muenks et al., 2020);
beliefs that success in STEM disciplines requires natural genius and bril-
liance, rather than hard work and learning (Leslie et al., 2015); and lack
of exposure to active learning as a student (Apkarian et al., 2021; Kraft et
al., 2024a).

Furthermore, teaching excellence is often not selected for in the hiring
process, nor is it taught systematically or rewarded, and institutions often
rely on outdated methods of evaluation (Bradforth et al., 2015; Dennin et
al., 2017). As a result, instructors can have little incentive to learn about
and implement evidence-based teaching strategies. In some instances, STEM
instructors do not employ teaching strategies shown to be effective simply
because those strategies are not known to them: few receive preparation in
effective and evidence-based teaching strategies prior to entering the col-
lege classroom (Austin et al., 2009; Golde & Dore, 2001), much less the
role that dominant and privileged identities play in teaching (Duncan et
al., 2023). All of these factors mean that instructors are more likely to rely
on teaching strategies that are familiar to them even as such strategies are
often less effective at supporting student learning (e.g., Stains et al., 2018).
This can further marginalize underserved students and cause them to ques-
tion their ability to succeed in STEM (Seymour & Hewitt, 1997; Seymour
& Hunter, 2019; Tanner & Allen, 2007). These issues are discussed further
in Chapter 8.

STEM disciplines remain exclusionary spaces, and STEM learning
spaces, by extension, have the potential to perpetuate similar experiences
for students. The legacy of systemic inequity can be seen, for example, in
unidirectional delivery of course content that positions instructors as the
sole experts (O’Neill et al., 2023); isolating research questions from their
local context (Anthony-Stevens & Matsaw, 2020; McGinty & Bang, 2016;
Medin & Bang 2014); framing content as race neutral (Gildersleeve et al.,
2011; Haynes & Patton, 2019); conceptualizing success (and designing as-
sessments) in highly individualized ways (Brayboy, 2005; Lopez, 2021); and
presenting only White, Western thinkers in syllabi (Gonzales et al., 2024c¢;
Grant, 2021).

Mitigating the impact of systemic inequities in undergraduate STEM
classrooms involves challenging the established model of knowing and
learning about the world (Bang et al., 2012). This requires instructors to
acknowledge the affective dimensions of learning (e.g., beliefs, attitudes,
etc.) and the essential role they play in STEM education (Dewsbury, 2020).
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It also involves embracing broader paradigmatic shifts toward validating
multiple ways of knowing, learning, and teaching STEM (e.g., Barron et
al., 2021; Morton & Parsons, 2018). Decolonization and deconstruction of
systemic structures of inequity are also critical in the development of more
equitable and effective teaching and learning and involve transformative
changes at the systemic level (e.g., Morton et al., 2023). The power of this
tansformative change can cultivate the next generation of STEM experts to
make a meaningful shift in the disciplines, but only if STEM learning spaces
are designed appropriately.

Thus, there is substantial evidence that undergraduate STEM teaching
has been both ineffective and inequitable in a wide variety of settings. Be-
cause of this, it is also important to note that undergraduate STEM educa-
tion is not a monolith. While some research uncovers broad understandings
about STEM learning as a whole and reveals STEM-wide challenges to eq-
uity and effectiveness, other studies show that there are differences between
disciplines in their cultures, practices, accrediting bodies, and expectations
for teaching and learning. In many disciplines, there is a distinction in the
teaching that takes place in classes for majors and classes for general educa-
tion (typically introductory courses). At various points throughout the fol-
lowing discussion, we highlight a few of the critical equity and effectiveness
issues within individual disciplines (or subsets of disciplines) that exist as
lasting implications of historical legacies of exclusion. Although this is not
a comprehensive list, it includes issues that have been raised repeatedly in
the committee’s work.

Foundational STEM Courses

Every STEM discipline has a foundational, introductory course or
course sequence that serves as an entry to a major in the discipline. In
addition, most STEM majors and programs have courses that serve as pre-
requisites for upper-level courses in the major, often year-long sequences of
math, chemistry, and/or physics. These have sometimes been referred to as
“gateway” courses (e.g., Koch, 2017), in the sense that all students must
pass through these gates to progress along STEM pathways; however, we
prefer the term “foundational,” which indicates that future learning and
success will build upon these courses. Across STEM disciplines, systemic
disadvantages lead to grade reductions (Castle et al., 2024), particularly in
the large chemistry and calculus courses that are prerequisites for several
disciplines (Weston et al., 2019). In particular, students’ experiences in
foundational courses are especially important for their persistence in STEM,
because, often, these courses act as gates and filter out students rather than
deepen their engagement, interest, and understanding of STEM topics (Can-
ning et al., 2018; Harris et al., 2020; Holland, 2019; Weston et al., 2019).
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These courses are critical junctures where students can easily lose mo-
tivation to continue in their degrees or to take additional STEM courses
if their grade does not reflect their learning or ability to succeed (e.g.,
Harris et al., 2020; Hunter, 2019). The impact of foundational courses is
disproportionately skewed in favor of White male students: a large, multi-
institution study showed that White male students who were intending on a
career in STEM had a 48% chance of succeeding in that career path when
they received a grade of C or better in all foundational courses. However,
for women of color, the percentage dropped to 35%, and if at least one
foundational course was less than a C, the probability dropped further to
21% (Hatfield et al., 2022).

Instructors in foundational courses across the STEM disciplines are
more likely to emphasize content knowledge as the most important out-
come for students, and to spend most of class time lecturing (Ferrare, 2019;
Stains et al., 2018), including in chemistry (Wang et al., 2024) and the geo-
sciences (Egger, 2019). Assessment practices in these courses typically focus
on performance goals that measure lower-level cognitive skills (Momsen et
al., 2013), including rote memorization and reliance on math skills that are
not taught in the course, which can disadvantage certain students (Ralph
et al., 2022). And yet, engaging students in collaborative group work and
other interactive strategies in these foundational courses increases their
interest, motivation, and persistence (Gasiewski et al., 2012).

So-called “weed-out” courses are a subset of these foundational STEM
courses that are identified as such primarily by students. They can vary
widely, but share several characteristics as defined by Weston et al. (2019):
they are required courses (or course sequences) for a STEM major; they
tend to be large, lecture-style courses; passing the course(s) is difficult
(e.g., they award a large number of D, F, or incomplete/withdrawal grades
[DFW]); and they are a strong predictor of success and persistence in a
major. Weston et al. (2019) used these and other criteria, including a >20%
DFW rate to identify weed-out courses at six institutions, and found cal-
culus, chemistry, and computer science to be the most common, making
up 60% of all weed-out courses identified. Students identify a course as a
“weed-out” when they note misalignment between understanding and as-
sessment practices (including curved grading), when the instructor is indif-
ferent to learning, when there is a lack of organization, and/or when they
experience a competitive class culture (Kardash & Wallace, 2001; Weston
et al., 2019).

These courses have an impact on STEM beyond just poor grades for a
large number of students. Students who receive a DFW from one of these
classes are more likely to receive a similar grade in a second class, and more
likely to switch out of a STEM major—and these students are more likely
to be women, women of color, and from a lower socio-economic status

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/28268?s=z1120

Transforming Undergraduate STEM Education: Supporting Equitable and Effective Teaching

54 TRANSFORMING UNDERGRADUATE STEM EDUCATION

(Seymour & Hunter, 2019). Experiences in weed-out courses lead to a loss
of confidence and lack of sense of belonging for students (Weston et al.,
2019), and lead to maintenance and reinforcement of the existing struc-
tural inequities in the STEM fields. Modifying these critical foundational
courses, which often serve programs in multiple departments (e.g., calculus
is required for several STEM majors), requires concerted effort by or across
academic units to be effective and make lasting change (Matz et al., 2018;
see Chapter 6).

Curricula and Course Combinations

The curricular structures that emerge from an academic unit’s design
of major programs produce a network of interdependent courses connected
via prerequisite and corequisite requirements (Brown et al., 2018). The
interdependencies create a complex organizational structure that students
must navigate on their way to the degree. A strongly interdependent (e.g.,
complex) curriculum is going to be experienced differently based on a stu-
dents’ background, social position, previous coursework, access to advising,
willingness to accrue debt, and their experience of classroom climate (Har-
rison & Williams, 2023; see Chapter 7 for more).

This complexity can itself be a barrier for students, particularly when
it is distinct from the content interests and needs of students and creates
barriers to entry, persistence, and successful completion. Coursework in
STEM can be relatively linear and sequential, which makes friction toward
academic progress a bigger problem than in fields where students have more
flexibility in their pathways. A student who finds themself struggling in
one STEM course appears much more likely to struggle in related courses,
producing a “snowball” effect of academic difficulty that has been observed
in engineering and other courses (Brown et al., 2018). In addition, students
can experience delays in making progress if courses with dependencies are
offered irregularly, or they are encouraged to take courses in combinations
that lead to high rates of failure (e.g., “toxic” course combinations). These
particular course combinations may be especially problematic for under-
served students and together these effects create a problem for momentum
and navigation and can lead to students switching out of a STEM major
into other degree programs (Brown et al., 2018; Hunter, 2019; Slim et al.,
2014).

In addition to the official curriculum, there is also the “hidden” cur-
riculum, which refers to the unwritten rules, values, and belief systems,
and behavioral and social expectations that support student success, but
are rarely explicitly discussed or taught (Andarvazh et al., 2017; Jackson,
1968; Snyder, 1971). In STEM disciplines, the hidden curriculum includes
expectations about how to interact with instructors and teaching assistants
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in office hours, the value placed on pursuing undergraduate research, know-
ing how and when to ask for letters of recommendation, and many more
components that are discipline specific. Lack of awareness of the norms
of a discipline, or of higher education in general, influences how students
interact with professors, advisors, and each other. Advice for making the
hidden curriculum more explicit often comes from fellow undergraduate
students (e.g., Massey et al., 2022). In general, making both the hidden
curriculum and the intended curriculum explicit and streamlining students’
pathways through both require combined efforts at the individual, depart-
mental, and institutional levels (see Chapters 6 and 9 for more information).
Recent efforts to demystify the hidden curriculum in geoscience graduate
programs, called for by leaders in the geoscience community, can serve as
a model for undergraduate programs more generally (Cooke et al., 2021;
Pensky et al., 2021).

Math Course Sequences

While many disciplines require course sequences that can be prob-
lematic for students in their majors, students in virtually all STEM majors
are required to traverse the mathematics course sequences, which are tra-
ditionally organized in a linear and hierarchical fashion (McFarland &
Rodan, 2009). Mathematics frequently serve as the foundational courses
to STEM majors (Ellis et al., 2016; Moreno & Muller, 1999; Sanabria &
Penner, 2017; Weeden et al., 2020). These classes may serve to motivate
or discourage students seeking to persist in any STEM field in college and
beyond (Bressoud, 2014, 2021; Park et al., 2021), and research has shown
that performance in mathematics classes is a predictor of student success
and persistence in many contexts, and thus shaping students’ trajectories in
significant ways (Cohen & Kelly, 2020; Evans et al., 2020; Hsu et al., 2008;
Park et al., 2021). In particular, race/ethnicity, gender, and the intersection
of the two have all been shown to be predictors of math performance and
achievement leading up to college (Riegle-Crumb, 2006).

Many students experience misalignment between the courses they have
taken in high school and the course they place into in college, with signifi-
cant negative impacts on their success and persistence (Park et al., 2021).
Underserved students often get assigned to remedial mathematics courses
(e.g., “below” calculus) in college, and have limited opportunities to enroll
in STEM courses within their intended major, significantly delaying their
degree progression and/or pushing them to switch to another major (Boat-
man & Long, 2018; Cohen & Kelly, 2020; Weston et al., 2019). Though
many reform efforts in mathematics sequences and developmental math
have sought to address this issue, they tend to focus on general progress
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without attending to the significant equity issues that are often a factor
(Brathwaite et al., 2021).

Teaching and Learning in the Field

In some disciplines, notably the geosciences and biological sciences,
field courses and experiences are valued by both instructors and students
as critical components of undergraduate programs that produce both cogni-
tive and affective gains for learners (Fleischner et al., 2017; Klyce & Ryker,
2023; Mogk & Goodwin, 2012; Mosher & Keane, 2021; O’Connell et
al., 2022; Petcovic et al., 2014; Shafer et al., 2023; Stokes & Boyle, 2009).
These experiences also have numerous potential barriers to participation
and full engagement that produce systemic inequities in access and success
with underserved students facing disproportionate financial, cultural, social,
and physical barriers (Carabajal et al., 2017; Morales et al., 2020; Posselt
& Nuiiez, 2022). The geosciences in particular face inclusion challenges,
including an emphasis on ableism (Carabajal & Atchison, 2020) and a
historical legacy of exclusion and exploitation of marginalized groups (e.g.,
Marin-Spiotta et al., 2020).

The Principles for Equitable and Effective Teaching in the field are the
same as in the classroom, but the circumstances surrounding their applica-
tion require additional attention. Given the value that instructors, students,
and employers all place on field experiences, recent research has focused on
reducing barriers to participation, promoting inclusion, and providing equi-
table experiences. Recommended strategies to increase access include being
intentional with the site selection and considering alternatives to traditional
choices. Site survey, field activities design, and risk assessment can help to
identify whether there are ways to mitigate potential negative physical or
mental impacts (Carabajal & Atchison, 2020; Chiarella & Vurro, 2020).
This research has led to the development of models and recommendations
for designing undergraduate field experiences that are more likely to be
inclusive and effective (Atchison et al., 2019; Gilley et al., 2015; Marshall
et al., 2022; O’Connell et al., 2022; Stokes et al., 2019).

Learning and Technology: STEM Learning in a High-Tech World

Eight key affordances of learning technologies were identified by a
National Academies consensus study: interactivity, adaptivity, feedback,
choice, nonlinear access, linked representations, open-ended learner input,
and communication with other people (National Academies, 2018, pp.
165-166). These affordances enable growth of learning technologies, online
learning platforms, and adaptive testing. However, use of technology alone
does not address the intertwined challenges of ineffective teaching and
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systemic inequity described above. For example, although online courses
and degree programs have the potential to broaden access to higher educa-
tion, they consistently have higher attrition rates than in-person courses and
programs (Bawa, 2016). Impacted by an increase in online learning dur-
ing the COVID-19 pandemic, students reported they did not prefer online
modes of instruction (National Academies, 2021). Many students face one
or more components of digital inequality: unequal access to the internet
and devices, discrepancies in digital skills and engagement, and unequal
outcomes of their efforts to use technology (Katz et al., 2021).

Digital inequality means that not all learners can take advantage of
the affordances of technology, and it becomes another site of systemic
inequity and ineffective teaching (e.g., Laufer et al., 2021). In the wake
of the COVID-19 pandemic, Katz et al. (2021) found that connectivity
challenges, device challenges, and communication challenges were all as-
sociated with lower remote learning proficiency, and that those challenges
were experienced more commonly by students whose families were facing
financial hardship and economic insecurity. Technology that is designed
around accessibility, student-centered design, and effectiveness and equity
has the potential to be a significant driver for improving undergraduate
STEM education for all students.

PRACTICES COMMONLY USED TODAY CONTRIBUTE
TO INEQUITIES IN STUDENT EXPERIENCES

There is substantial evidence for ongoing inequity in undergraduate
STEM and hiring into the STEM workforce. This section presents evi-
dence for some of those inequities, focusing on grade penalties, persistence
to degree, and sense of belonging. Many datasets, longitudinal studies,
and meta-analyses focus on inequitable outcomes where race/ethnicity
and gender are the factors studied although a body of work is develop-
ing that analyzes demographic factors such as first-generation students
and socio-economic status (Ives & Castillo-Montoya, 2020; O’Donnell
& Blankenship, 2018; Reynolds & Cruise, 2020). Several recent books
have explored equity issues in detail (Addy et al., 2024; Artze-Vega et al.,
2023; Equity Based Teaching Collective, 2024). Further study on the full
range of identities that students bring to their STEM education is needed.
For examples of some potential research questions that emerged from the
Committee’s study, see Chapter 10.

Grade Penalties

Evidence from across the STEM disciplines indicates that, when
grouped by race/ethnicity or gender, students from underrepresented groups
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receive proportionally more low grades than their overrepresented peers,
even when controlling for other factors like academic preparation (Blatt et
al., 2020; Denaro et al., 2022; Harris et al., 2020; Matz et al., 2017). Mean
course grades in large STEM courses—primarily introductory courses—
increase with the number of systemic advantages (gender, race/ethnicity,
income, and first-generation status) that students have (Castle et al., 2024).
These grade penalties for underserved students persist over time, and the
penalties are the greatest in the STEM fields for first-generation, racial-
ethnic minority students (Whitcomb et al., 2021).

Findings are similar within individual disciplines. In biology, perfor-
mance gaps have been documented between underrepresented minorities
(URMs) and non-URMs at inclusive and selective four-year institutions
(Salehi et al., 2021) and between binary genders (e.g., students who identify
as male or female) in upper-level courses (Farrar et al., 2023). In physics,
White males show the greatest gains in common assessments in introduc-
tory courses, highlighting both gender- and race/ethnicity-based perfor-
mance gaps that account for differences in pre-test preparation (Van Dusen
& Nissen, 2020).

Persistence to Degree

Grades impact student motivation to persist on their pathway to a
degree (Hunter, 2019; Thiry, 2019a); grades in foundational, introductory
courses—such as mathematics, discussed above—are particularly critical
in students’ decision processes (Weston et al., 2019). Many studies have
found differences in STEM degree persistence, with Black and Latina/o
students more likely to leave the STEM fields than their White peers (Chang
et al., 2014; Riegle-Crumb et al., 2019), as are high-performing women
when compared with high-performing men (Hunter, 2019). There is strong
evidence that pre-college factors—such as high school preparation (Bot-
tia et al., 2015; Salehi et al., 2019a)—have a role in persistence. Evidence
that is less clear but still suggestive points to the influence of high school
math self-efficacy, family income, and parents’ education level as other
influences on post-secondary persistence in STEM (Evans et al., 2020;
Reynolds & Cruise, 2020; Weeden et al., 2020). In addition, a substantial
literature points to “within-college” factors—including earned credits in
introductory STEM courses, participation in key academic activities, and
hostile classroom environments as shaping students’ experiences, persis-
tence, and performance (Barbera et al., 2020; Chang et al., 2014; Evans et
al., 2020; Martin et al., 2017b). These within-college factors are correlated
with higher rates of change of major out of the natural sciences for Black,
Latina/o, and multi-racial students than for White and Asian students.
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Several other factors can lead to a decline in motivation to pursue
STEM. There is significant evidence for the role of stereotype threat (Steele
& Aronson, 19935; Steele et al., 2002; Totonchi et al., 2021). Additional
studies suggest the perception of instructor care and the level of interactivity
in introductory courses (Rainey et al., 2019), and an institutional culture
of independence (Stephens et al., 2012) are other factors to consider. Some
students who switch out of STEM majors cite discouragement due to low
grades, poor teaching, and a competitive, unsupportive culture as top rea-
sons for their leaving a major (Hunter, 2019).

Sense of Belonging

Interviews and cohort studies have demonstrated a lack of sense of
belonging in STEM for underserved students (Rainey et al., 2018), includ-
ing Black women (Dortch & Patel, 2017); Latina students (Rodriguez &
Blaney, 2021); lesbian, gay, bisexual, transgender, queer/questioning, inter-
sex, asexual/aromantic/agender, plus other related identities; and People
of Color in the geosciences (Marin-Spiotta et al., 2023); and women in
engineering (Glisson, 2023), physics (Seyranian et al., 2018), and chemistry
(Edwards et al., 2023). A “chilly” and “hostile” climate in STEM classes
and overall creates barriers to access (Jorstad et al., 2017; Marin-Spiotta
et al., 2020) and leads students—especially, disproportionately, women and
women of color—to switch out of STEM majors into other fields (Hunter,
2019). Sense of belonging is correlated with performance (Edwards et al.,
2022; Fink et al., 2020; Master & Meltzoff, 2020). Interventions employed
in randomized controlled trials to support students’ belonging have been
shown to increase college students’ persistence and performance and re-
duce achievement gaps (LaCosse et al., 2020; Murphy et al., 2020; Walton
& Cohen, 2011); thus, sense of belonging is an important component of
persistence to degree. Although these studies are sometimes smaller and
focused on a single discipline or demographic group, the consistency of the
above findings across groups and disciplines strengthens the nature of the
evidence.

Power and Privilege

In addition to the evidence for inequity in STEM courses and programs,
there are issues regarding the centering of power and privilege. Many stu-
dents perceive that the STEM disciplines privilege White males (Dancy et
al., 2020), given their significant overrepresentation in the professorate and
institutional leadership (NCSES, 2023a). Across higher education institu-
tions in the United States, women are more likely to leave academic jobs
and less likely to be promoted than men. Reasons given for leaving also
differ by gender: women are more likely to feel pushed out of their jobs,
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whereas men are more likely to feel pulled toward another job (Spoon et
al., 2023). In their literature review, Fox Tree and Vaid (2022) document
evidence for disparities between men and women and between White people
and People of Color in virtually all factors that are critical to hiring and
promotion, including research, teaching, and service factors. These privi-
leges are both self-perpetuating and trickle down into undergraduate STEM
as they lead to maintenance and reinforcement of systemic inequities in the
hiring and career advancement of faculty and instructors (e.g., Dancy &

Hodari, 2023).

Disciplinary and Institutional Norms

Academic units (often departments) are where disciplinary norms are
communicated to students. It is the expectation of many STEM disciplines
that students will develop a common set of competencies by taking certain
required courses that (a) teach a predetermined amount of content and (b)
use predetermined assessment strategies in a specific sequence (e.g., Yother
et al., 2022). This rigidity limits the ability of instructors and academic
units to deviate from these expectations and adopt equitable and effective
teaching practices. When norms that underlie curricular decision making
are harmful yet perpetuated without critical equity-minded interrogation,
inequities are maintained (Posselt et al., 2020). Successful systemic change
recognizes that instructors and academic units do not operate in a vacuum,
but in contexts that vary in many ways; in addition to discipline, they
vary by size, academic mission, location, and, of course, institutional type.
Institutional teaching evaluation policies and processes can both propel
and stymie change (see Chapters 6 and 9). In most research institutions
tenure-system faculty members are not incentivized to invest much effort
in improving their teaching (Braxton et al., 1996; Gonzales & Culpepper,
2024; Griffin et al., 2013; Park, 1996), especially in ways that may involve
more emotional labor (Castillo-Montoya, 2020). In many university con-
texts, VITAL educators (who are more likely to be racially minoritized
faculty; DiBenedetto et al., 2021; Wingfield, 2024) are doing the bulk of
instructional and other student-facing work (Baldwin & Wawrzynski, 2011;
Boss et al., 2019). These faculty are often devalued (Boss et al., 2019) and
do not have the same autonomy or power that tenured or tenure-track
faculty hold. Given this, if institutions do not have in place intentional
language, metrics, and processes for supporting and evaluating equitable
and effective teaching, instructors who make changes to their courses to
support all students may not be given appropriate credit or recognition for
their effort. Instructors who advocate for equitable and effective teaching
practice on a wide scale may be viewed with skepticism or considered to

be wasting their time.
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EXISTING WORK TOWARD EQUITABLE
AND EFFECTIVE TEACHING

Many individuals and groups have put significant work into improv-
ing undergraduate learning experiences and making them more equitable
and effective. These efforts deserve to be honored and learned from so that
more widespread change can be achieved. It is not possible for this report
to include all efforts. The selected examples are provided to illustrate the
variety of projects that inform our current knowledge and future efforts.

Groups and initiatives that have recognized and elevated the link be-
tween equity and excellence include a diverse set of actors from profes-
sional societies, disciplinary societies, and higher education societies. Some
have a focus on research universities or preparing graduate students at re-
search universities to teach. These include the Association for Undergradu-
ate Education at Research Universities (AUERU;! which grew out of the
Reinvention Center that formed after the Boyer 2030 Commission [2022]),
the Sloan Equity & Inclusion in STEM Introductory Courses (SEISMIC)
collaborative,? and the Center for the Integration of Research, Teaching and
Learning (CIRTL).? Other projects include the Inclusive STEM Teaching
Project,* and the Association of College and University Educators (ACUE).
Project Kaleidoscope,® now housed at the American Association of Colleges
and Universities (AAC&U)” has also focused on improving undergraduate
STEM teaching. A recent publication, Equity-Based Teaching in Higher
Education: The Levers that Institutions Can Use for Scaling Improvement,
dives deeply into the meaning of equity-based education and its place in
the ecosystem of higher education. The literature review performed for that
project explores in great detail the publications on organizational poli-
cies, programs, and practices that can support equity-based teaching and
makes recommendations for action based on their analysis of the literature
and interviews the authors conducted (Equity-Based Teaching Collective,
2024). Forthcoming work from the Association of Public and Land-Grant
Universities (APLU) continues the work of their Faculty Success Initiative

I More information about the AUERU is available at https://www.ueru.org/home

2 More information about the SEISMIC collaborative is available at https://www.seismicpro-

ject.org/
3 More information about CIRTL is available at https://cirtl.net/

4 More information about the Inclusive STEM Teaching Project is available at https://www.

inclusivestemteaching.org/
5 More information about ACUE is available at https://acue.org/

¢ More information about the Project Kaleidoscope is available at https://www.aacu.org/

initiatives/project-kaleidoscope
7 More information about the AAC&U is available at https://www.aacu.org/

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/28268?s=z1120

Transforming Undergraduate STEM Education: Supporting Equitable and Effective Teaching

62 TRANSFORMING UNDERGRADUATE STEM EDUCATION

to explore teaching in the context of other components of instructor respon-
sibilities via a systemic change approach.®

Some initiatives have grown out of discipline-focused efforts, including
biology’s Vision and Change project,’ the geosciences project on Vision and
Change,'® BioQUEST Curriculum Consortium’ QUBES Hub Platform,'!
and Carnegie Math Pathways,!? whereas others, such as Project Kaleido-
scope, cut across STEM disciplines. Initiatives and groups focused on im-
proving equity in undergraduate STEM education include the Equity Based
Teaching Collective,!3 and the toolkits developed by the National Associa-
tion of College and University Business Officers (NACUBO)’s Blueprint for
Student-Centered Strategic Finance.'* Multiple efforts focus specifically on
community colleges, including a variety of programs from Achieving the
Dream,!’ initiatives that are part of The Aspen Institute College Excellence
Program,'® and the Community College Presidents’ Initiative in STEM
(CCPI-STEM),” as well as other programs. The Supporting and Advancing
Geoscience Education at Two-Year Colleges (SAGE 2YC) project focuses
specifically on evidence-based instructional practices, broadening participa-
tion, and increasing STEM learning at community colleges.'® The Universal
Design for Learning (UDL)! approach works to make college and uni-
versity learning more accessible for students with disabilities (CAST, n.d.).
When operationalized proactively and intentionally by the instructors, UDL
can lead to more equitable pedagogies due to its role in creating flexible and

8 More information about the APLU’s Faculty Success Initiative is available at https:/www.
aplu.org/our-work/2-fostering-research-innovation/aplu-aspire/institutional-change-network/

 More information about the Vision and Change project in biology is available at https://
new.nsf.gov/news/vision-change-undergraduate-biology-initiative

10 More information about the Vision and Change project in the geosciences is available at
https://www.americangeosciences.org/change/

11 More information about BioQUEST and Qubes is available at https://qubeshub.org/

12 More information about Carnegie Math Pathways is available at https://carnegiemath
pathways.org/

13 More information about the Equity Based Teaching Collective is available at https://www.
everylearnereverywhere.org/blog/new-playbook-outlines-an-ecosystem-approach-to-equity-
based-teaching/

14 More information about NACUBO’s Blueprint for Student-Centered Strategic Finance
is available at https://www.nacubo.org/Press-Releases/2024/NACUBO-Student-Success-Hub-
Highlights-Financial-Links-to-Equitable-Student-Outcomes

15 More information about the Achieving the Dream program is available at https://achieving
thedream.org/

16 More information about the Aspen Institute College Excellence Program is available at
https://highered.aspeninstitute.org/

17 More information about CCPI-STEM is available at https://www.ccpi-stem.org/

18 More information about SAGE 2YC is available at https://serc.carleton.edu/sage2yc/
index.html

19 More information about the UDL approach is available at https://udlguidelines.cast.org/
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engaging learning environments (Almeqdad et al., 2023; King-Sears et al.,
2023). UDL is discussed at greater length in Chapter 5.

These efforts have been organized and funded by a diverse array of
actors. Funders include the National Science Foundation (e.g., Improving
Undergraduate STEM Education, NSF INCLUDES, Advanced Technologi-
cal Education, etc.), the Howard Hughes Medical Institution, the Gates
Foundation, Ascendium Education Group, College Futures Foundation,
Trellis Foundation, and the Alfred P. Sloan Foundation, among others. Or-
ganizations, associations, and societies involved in organizing, coordinating,
and providing connections for this type of work include APLU, Association
of American Universities, American Association of Community Colleges,
American Indian Science and Engineering Society, American Society for En-
gineering Education, National Association of Geoscience Teachers, National
Association of Biology Teachers, American Chemical Society, American
Geophysical Union, etc. In addition, many recent publications written for
college faculty focus on inclusive teaching strategies (Addy et al., 2021a,b;
Hogan & Sathy, 2022; McNair, 2016; McNair et al., 2022).

Systemic change by its nature cannot be achieved by an individual. It
is clear from these efforts that systemic change requires coordinated effort
by multiple actors at colleges and universities and in outside organizations,
foundations, and networks; and it is critical to recognize that the responsi-
bility to provide equitable and effective learning experiences is collectively
held by instructors and others at all levels of the higher education system.

SUMMARY

Extensive research on learning and teaching is available to inform deci-
sions related to education at colleges and universities. Strong evidence also
exists showing inequities in undergraduate experiences when data are disag-
gregated by factors such as race, ethnicity, and gender identity. There is also
strong clear evidence that evidence-based teaching approaches can improve
student learning experiences. The evidence is more mixed on the ability of
evidence-based teaching approaches to address inequities in student experi-
ences and more research on the best ways to decrease inequities in grading,
persistence, belonging, and other areas would be beneficial. The current
common approaches to foundational courses, prerequisites, course progres-
sions, and course combinations complicate efforts to provide equitable and
effective STEM education and there are several other special considerations
that are relevant to students gaining understanding and navigating experi-
ences in these fields, especially those that focus on labwork or fieldwork.
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Conclusion 3.1: Learning in STEM involves a set of complex processes
that are shaped by the identities, experiences, and backgrounds of
learners and instructors, social interactions, and cultural context. Wide-
spread use of teaching strategies that are not supported by research
have contributed to the disparities in opportunity and outcomes for
undergraduate STEM students.

Conclusion 3.2: Instructional practices that take students’ interests and
experiences into account and empower them with authentic opportuni-
ties to engage with disciplinary content, practices, and analysis are more
effective for a wider range of students than instructional practices that
rely solely on lecture, reading, and memorization of content, proce-
dures, and algorithms.

Conclusion 3.3: Students’ experiences in foundational courses are par-
ticularly important for their persistence in STEM. Often these courses
filter out students rather than deepening their engagement, interest, and
understanding of STEM topics. Improving instruction in these courses
is an important lever for producing more equitable opportunities and
outcomes for undergraduate STEM students.
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Principles for Equitable and
Effective Teaching of Undergraduate
STEM Education

A foundational concept of the seven Principles for Equitable and Ef-
fective Teaching presented in this chapter is that students’ learning is the
primary goal of teaching. The Principles outlined in this chapter capture
some the major insights from research on learning and teaching over the
past 40 years. They offer a lens for examining and reimagining undergradu-
ate teaching in science, technology, engineering, and mathematics (STEM)
that the Committee hopes will catalyze and accelerate efforts to implement
equitable and effective teaching. Together, the Principles articulate an as-
pirational and actionable vision that can help guide instructors, academic
units, and institutions as they work to enact change.

For each Principle in this chapter, we explain the concept, highlight
the key insights from research that fall under each, and describe some
examples of related instructional practices. Chapter 5 elaborates on these
descriptions to illustrate how the Principles can be used to guide the design
of learning experiences, courses, and course sequences. Thus, more detailed
descriptions of instruction based on the Principles are provided in Chapter
5. Subsequent chapters describe how academic units and institutions can
support this kind of instruction and facilitate implementation of approaches
that are based on the Principles.

THE PRINCIPLES

As noted in Chapter 1, a key commitment that informs the committee’s
vision for equitable and effective teaching is that student learning must be
at the center. In other words, a course rooted in equitable and effective

65
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teaching is student centered: an approach that makes the course goals clear
to the students, recognizes the students’ role in their own learning, and gives
students agency to engage in the course materials in ways that respect their
identities. This approach makes learning the primary driver. In contrast,
instructor-centered courses often focus primarily on covering a certain
amount of content, with the volume of content being the primary driver of

the schedule and the assessments.

Thus, the Principles advance a focus on supporting students as they de-
velop knowledge and skills of the STEM disciplines. They call for goals and
expectations to be intentionally chosen and transparently communicated to
students. They recognize that fostering a sense of belonging, attending to
social interactions, connecting to students’ interest, and being responsive
to student needs play important roles in their learning of STEM concepts
and skills. It is important to note that these Principles are not presented in
a priority order; as can be seen in Figure 4-1 below, we conceive of them
all contributing to the central goal of equitable and effective teaching and
learning. We have numbered them only for convenience in keeping track
of the concepts. Also of note is that there is no requirement to immediately
implement all of the Principles together at first; some instructors may find
it more feasible to focus on a couple as an initial entry point and gradually

incorporate additional Principles over time.
The seven Principles for Equitable and Effective Teaching are!

Principle 1: Students need opportunities to actively engage in

disciplinary learning

Principle 2: Students’ diverse interests, goals, knowledge, and

experiences can be leveraged to enhance learning
Principle 3: STEM learning involves affective and social
dimensions

Principle 4: Identity and sense of belonging shape STEM teaching

and learning

Principle 5: Multiple forms of data can provide evidence to

inform improvement

Principle 6: Flexibility and responsiveness to situational and

contextual factors support student learning

Principle 7: Intentionality and transparency create more equitable

opportunities

!In this and subsequent chapters we often refer back to the Principles presented in this
chapter to illustrate how they are relevant to the topics of later chapters. To avoid repeating
the long names of each Principle we utilize some shorthand. Table 4-1, below, gives shorthand

naming conventions.

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/28268?s=z1120

Transforming Undergraduate STEM Education: Supporting Equitable and Effective Teaching

PRINCIPLES FOR EQUITABLE AND EFFECTIVE TEACHING 67

Figure 4-1 places the Principles in the context of courses, academic
units, and institutions. Equitable and effective teaching appears at the
center of the diagram because this represents the heart of students’ experi-
ences in STEM, which take place in classrooms and other learning settings.
The outer rings highlight the complex contexts within which teaching and
learning interactions take place. While the Principles are presented above
as seven separate concepts, in reality instructors will use overlapping ideas
and approaches from each of these Principles in the design and teaching
of their courses. Some of the instructional practices presented as examples
can be used in ways that implement multiple Principles at the same time.

Students need
opportunities to

Intentionality and
ftransparency create actively engage
more equitable in disciplinary and

opportunities interdisciplinary

learning

Flexibility and
responsiveness

. interests, goq|s, prior
to situational and EqUIi‘able and

knowledge, and
contextual factors effecﬁve STEM experiences can be
support student I‘eaching und

learning

Students’ diverse

leveraged to enhance

learning learning

Multiple forms of STEM learning

involves affective and

data can provide

evidence to inform o .
social dimensions

improvement Identity and sense

of belonging shape
STEM teaching and

learning

FIGURE 4-1 Principles for Equitable and Effective Teaching in undergraduate
STEM education.
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Chapter 5 will take up the interconnections between the Principles as they
are used to guide design of courses.

The committee also wishes to reiterate a point made throughout the
previous chapters: that the responsibility for change that leads to equitable
and effective learning experiences is collectively held by instructors and oth-
ers at all levels of the higher education system. While the seven Principles
are focused primarily on the course level, especially those where instructors
can improve the student learning experience, it is important to note that
they are not presented as the sole responsibility of instructors to individu-
ally adopt and implement. Instead, they are presented as standards and
goals that instructors, with the support of academic units and institutions,
can achieve through course (re)design, changes to instructional practices,
and alterations in policies, approaches, and expectations at the systemic
level. Structural changes and collective responsibility will be necessary for
the committee’s vision to be implemented, sustained, and successful. Later
chapters of this report will address the systemic issues and the actors re-
sponsible for making and sustaining change.

Principle 1: Students Need Opportunities to
Actively Engage in Disciplinary Learning

Student learning improves when students are given opportunities to
actively engage with the material they are learning, to use disciplinary
knowledge and skills in the context of projects and problems, and to reflect
on their own knowledge (Borda et al., 2020; Stanberry & Payne, 2018).
These kinds of student-centered instructional approaches, often referred to
as active learning, engage students in developing and deepening their un-
derstanding of disciplinary ideas and practices while they receive guidance
from skilled instructors (Benabentos et al., 2021; Capone, 2022; Kressler
& Kressler, 2020).

Active learning approaches are more effective than traditional ap-
proaches for developing robust conceptual understanding, facilitating
transfer of learning across contexts, and promoting long-term retention
of knowledge and skill than approaches that rely primarily on lecture or
memorization (Armbuster et al., 2009; Devlin & Samarawickrema, 2010;
Ebert-May et al., 1997; Hogan & Sathy, 2022; Lyle et al., 2020). Active
learning centers students’ learning activity, shifting the role of the instruc-
tor from simply providing knowledge to skillfully guiding and facilitating
students’ learning in their role as an expert in the discipline (King, 1993;
Morrison, 2014). When students are able to engage in problems and tasks
with similarities to those carried out by disciplinary professionals, they
develop proficiency with specific skills and practices along with increased
agency and greater identification with STEM, a factor shown to increase
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retention and performance (Marbach-Ad et al., 2019; Starr et al., 2020;
Thiry, 2019a). Classroom activities and assignments can provide opportu-
nities to engage with concepts of the discipline and provide opportunities
for reflection. These approaches can help students learn what it means to
think and reason like a scientist, technologist, engineer, or mathematician.

Intellectual engagement in learning can occur in a variety of ways
and in many different kinds of learning experiences. There are many ac-
tive learning approaches that are feasible to implement during a single
class. Active learning can be an effective tool in large, foundational STEM
courses as well as in smaller classes. In large, high-structure courses that
combine pre-class preparatory assignments with in-class active learning
activities, students earn higher grades, have lower failure rates, and report
an increased sense of community compared to students enrolled in courses
that use lecture only (Eddy & Hogan, 2014; Freeman et al., 2014). In ad-
dition, active learning in large classes increases the probability of equitable
outcomes between majoritized and minoritized students (Eddy & Hogan,
2014; Haak et al., 2011; Theobald et al., 2020). In order for active learn-
ing to be equitable and effective it needs to be carefully designed to ensure
that all students have the opportunity to participate and be successful
(Dewsbury, 2020; White et al., 2020; see Chapter 5 for further discussion of
activities in the classroom and a more in-depth discussion of instructional

practices).

In designing active learning opportunities for students that reflect disci-
plinary ideas and practices, it is important to consider the difficulty of the
materials with which students will engage. In order to effectively support
learning the material needs to present a challenge for all students, while also
being attainable by most? (Krim et al., 2019; Nilson, 2015). This requires
careful attention to students’ prior knowledge and some awareness of the
make-up of students in the classroom (see Principle 2: Leveraging diverse
interests, goals, knowledge, and experiences and Principle 5: Multiple forms

of data).?

There are also longer-term opportunities, such as extended laboratory
or field investigations, research experiences, and internships. For example,
course-based undergraduate research experiences, project-based learning,
independent research, and applied design can all provide students with op-
portunities to deepen their disciplinary knowledge and skills (Krim et al.,

2 More information about scaffolding is available at https://pce.sandiego.edu/scaffolding-
in-education-examples/#:~:text=Scaffolding %20and %20differentiation %20are %20used,keep

%20pace %20with%20their %20peers

3 In this and subsequent chapters we often refer back to the Principles presented in this
chapter to illustrate how they are relevant to the topics of later chapters. To avoid repeating
the long names of each Principle we utilize some shorthand. Table 4-1, below, gives shorthand

naming conventions.
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2019; Kuh, 2016; National Academies, 2018; Ward et al., 2024; Wolniak
& Engberg, 2019). Instructors, academic units, and institutions can create
authentic and community-engaged learning experiences by integrating for-
mal classroom work with practical experiences in ways that both benefit
the community directly and enhance the student learning experience. Op-
portunities to practice and apply disciplinary skills and knowledge in real-
world contexts can come about through service learning, internships, and
apprenticeships (National Academies, 2017a; Queiruga-Dios et al., 2021;
Salam et al., 2019; Schmidt et al., 2020; Tijsma et al., 2020). Furthermore,
the real-world experience gained through internships can help students ap-
ply what they have learned in the classroom to professional environments,
mirroring the kind of work or approaches to problems seen in the work-
force (Rodriguez et al., 2019b; Schweitzer et al., 2016).

Building in opportunities for students to reflect on and revise their
thinking is an important component of student-centered learning. Reflection
is a component of metacognition that refers to the ability to monitor and
regulate one’s own cognitive processes and to consciously regulate behavior,
and revision is the process of taking action as a result of the reflection (Na-
tional Academies, 2018). How we understand our own thought processes
is particularly vital for learning novel information (McDowell, 2019; San-
tangelo et al., 2021a). Students who have greater metacognitive capacity
are better learners overall (Stanton et al., 2021). Research has shown that
students rarely use metacognitive strategies when studying on their own,
but they can develop these skills when metacognitive strategies are embed-
ded into instruction (Karpicke et al., 2009; Kober, 2015; Weinstein et al.,
2000). These approaches can also contribute to the development of a sense
of competency by helping students to recognize, monitor, and strategize
about their learning progress. One study found that students who took
chemistry laboratory courses designed to prompt metacognitive activity
showed significant gains on the Metacognitive Activities Inventory, which
measures students’ monitoring of their own thinking during problem solv-
ing (Sandi-Urena et al., 2011). Chapter 5 considers strategies for promoting
reflection and metacognition.

Principle 2: Students’ Diverse Interests, Goals, Knowledge,
and Experiences Can Be Leveraged to Enhance Learning

The knowledge, skills, and beliefs students bring to their learning influ-
ence how they remember, reason, solve problems, and acquire new knowl-
edge (Kober, 2015; Mayer & Alexander, 2011; Renninger & Hidi, 2019;
Stanberry & Payne, 2018). Instructional strategies and materials that are
designed to recognize, value, and connect to students’ interests, goals,
knowledge, and life experiences can motivate and engage students in ways
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that improve their understanding of STEM content, principles, skills, and
practices. Such approaches can help students see how STEM is relevant to
their daily lives and how STEM can be useful in a variety of careers.

Our understanding of how people learn—based on lessons from re-
search in cognitive psychology and learning sciences—has been summa-
rized in previous National Academies reports (National Academies, 2018;
National Research Council, 2000). This research shows that instruction is
most effective when it explicitly builds on prior knowledge (Andrews et
al., 2022; Lou & Jaeggi, 2020; Stanberry & Payne, 2018; Ziori & Dienes,
2008). In fact, developing expertise in a discipline involves making connec-
tions to, reflecting on, and revising existing knowledge in ways that support
more sophisticated reasoning and problem solving (Auerbach et al., 2018;
Maltese et al., 2015; Peffer & Ramezani, 2019).

Connecting to Students’ Knowledge and Interests

Students enter their undergraduate learning experiences with large
amounts of existing knowledge, a variety of school experiences, and diverse
interest in many topics and activities. Intentionally connecting STEM con-
tent to students’ interests and providing opportunities for them to connect
their familial and community experiences to STEM can increase motivation
and engagement, and promote persistence (Kember et al., 2008; Senior et
al., 2018). Recognizing the diverse assets that students bring to the learn-
ing environment, leveraging them, and helping students see the connections
between their everyday lives and STEM concepts and practices promotes
more equitable outcomes (Bayles & Morrell, 2018; Booker & Cambell-
Whatley, 2018).

Instructors can engage students’ interest in STEM concepts, ideas, and
practices through in-class activities designed to elicit students’ existing
knowledge, make connections to current issues, and provide students with
choice and autonomy. For example, instructors can assign reflective writings
in which students are asked to discuss ways that course material could be
useful to their hobbies, interests, or goals to help the students see the value
of their learning for their personal and professional goals. These “utility-
value” interventions have been shown to increase interest, engagement, and
performance (Canning & Harackiewicz, 2015; Canning et al., 2018; Har-
ackiewicz et al., 2016; Hulleman et al., 2010). Some research suggests that
assignments that show students how STEM can help to advance communal
goals and help others (rather than focusing only on personal goals) can
increase students’ motivation (Fuesting et al., 2017). Another approach is
to incorporate case studies or other real-world examples and give students
the opportunity to co-construct reading assignments or research questions
(Considine et al., 2017; Mordacq et al., 2017; Scott Coker, 2017; Stenalt &
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Lassesen, 2021). To connect their STEM learning to their own backgrounds
and experiences, students could be encouraged to study topics that are of
personal or cultural relevance (Barnes & Brownell, 2017; Black et al., 2022;
Dasgupta, 2023). Making science and engineering research more socially
relevant has the potential to engage more diverse learners (Dasgupta, 2023).

Recognizing Cultural Wealth and Funds of Knowledge

While prior knowledge is often used to describe what students know
from previous formal education, the concept of funds of knowledge (e.g.,
Kiyama & Rios-Aguilar, 2017) broadens this idea to recognize the knowl-
edge acquired from informal learning experiences in families, homes, and
communities (Gonzdlez et al., 2005; Moll & Diaz, 1987; Vélez-Ibanez &
Greenberg, 1992). Culturally responsive and culturally relevant teaching
acknowledges and values the cultural diversity that students bring to the
classroom (Aronson & Laughter, 2016; Gay, 2018; Hammond, 2014; Her-
inger, 2018; Ladson-Billings, 2006, 2014). With these approaches, instruc-
tors help students see themselves in STEM topics explored in the classroom
(Castillo-Montoya & Ives, 2020; Gay, 2002; Johnson & Elliott, 2020;
Ladson-Billings, 19935). Instructors highlight what students already know
and help them recognize how that knowledge is relevant to and beneficial
for their participation in STEM (Johnson & Elliott, 2020; Mack, 2021;
O’Leary et al., 2020; Ortiz-Rodriguez et al., 2021). Instructors could do
this by incorporating justice-oriented curricula or humanizing content or
by highlighting the accomplishments of STEM professionals from diverse
backgrounds, either historical or living (Meuler et al., 2023; Stout et al.,
2011; Yao et al., 2023). When students see themselves and their groups in
course material, they are more likely to feel a sense of belonging in STEM
and increase their STEM self-efficacy (White et al., 2020; see Principle 4:
Identity and a sense of belonging).

To avoid misusing culturally responsive and culturally relevant teaching
pedagogy, it is important for instructors to attend to issues related to power,
development of students’ critical consciousness, a pedagogy of relationality,
and an ethic of care. Recognizing the diversity of experiences students bring
to the learning environment, leveraging it, and making connections between
students’ everyday lives and STEM concepts and practices promotes more
equitable outcomes (Bayles & Morrell, 2018; Booker & Campbell-Whatley,
2018).

Universal Design for Learning

The Universal Design for Learning (UDL) framework provides another
way of thinking about leveraging student experiences; the motivation for its
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development was to increase access for students with disabilities (Behling &
Tobin, 2018; CAST, 2024; Pérez & Johnston, 2023). UDL employs multiple
means of engagement, representation, action, and expression. Fundamental
tenets of the UDL framework include recognizing student autonomy; mak-
ing learning accessible; showing information in multiple ways; and allowing
students to demonstrate their learning in various ways (Davies et al., 2013;
Izzo & Bauer, 2015; Kumar & Wideman, 2014; Laist et al., 2022; Orndorf

et al., 2022; Pérez & Johnston, 2023).

Principle 3: STEM Learning Involves
Affective and Social Dimensions

Learning is complex and involves not only cognition, but also affec-
tive and social dimensions (Dweck, 1986; Eccles et al., 1998; NRC, 2000;

Picard et al., 2004).

Affective Dimensions of Learning

The affective dimension of learning refers to the attitudes, motivation,
curiosity, beliefs, and expectations of students (Bureau et al., 2022; Dweck
& Leggett, 1988; Mayer & Alexander, 2011; Nasir et al., 2020; Pajares,
19965 Ryan, 2019). These factors are critical to learning because they in-
fluence student attention, persistence, and performance (Ames & Archer,
1988; Schunk, 1989; Zimmerman, 2000). Instructors can attend to the af-
fective dimension of learning by recognizing the importance of motivation
to learning; providing choice or autonomy in learning; creating learning
experiences that students value; and supporting students’ sense of control
and autonomy (Bureau et al., 2022; Howard et al., 2021). When people
are learning material that provides a positive emotional connection, they
are willing to work harder to learn the content and skills, especially when
those content and skills seem useful and connected to their motivations and
future goals (Lim & Richardson, 2021; National Academies, 2018). Emo-
tions like anxiety can undermine learning, deplete cognitive resources, and
activate parts of the brain associated with fear and escape rather than with
cognitive processes essential for learning (Beilock et al., 2010; Hilliard et
al., 2020; Schmader & Johns, 2003). When students do not feel comfort-
able and safe, their attentional and cognitive processes are less available for
engaging with academic content (El Baze et al., 2018; England et al., 2019;
Hood et al., 2021). Therefore, it is important for instructors to keep in mind
that equitable and effective teaching requires consideration of both the
students’ cognitive and affective states (Trujillo & Tanner, 2014; Vermunt,

1996; Vogel & Schwabe, 2016).
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Historically underserved students, in particular, may experience the
learning environment more negatively—resulting in lower levels of belong-
ing, trust, and self-efficacy (Cavanagh et al., 2018; Eddy et al., 2015; Ream
et al., 2014; Steele, 1997, Steele et al., 2002; Trujillo & Tanner, 2014). In-
structors who recognize and respond to students’ cognitive, affective, and
physiological states can support enhanced student performance and create
emotionally supportive and nonthreatening learning environments where
students feel safe and valued (Bernard, 2010; Hen et al., 2022; Turner &
Farooqi, 2017; Yee, 2019). The ability of instructors to recognize that their
own beliefs, attitudes, and expectations, as well as those of their students,
influence the learning environment is crucial to creating and carrying out
well-designed learning experiences (Kinnunen et al., 2018; Lytle & Shin,
2023; Meaders et al., 2019).

Being aware of and attending to students’ “mindsets” about learning
is particularly important (Canning et al., 2019; Dweck & Leggett, 1988;
Mangels et al., 2006). Mindsets refer to the beliefs students hold about their
own abilities and potential for learning and growth. Students who hold a
“growth mindset” believe that their intelligence and ability can be improved
through hard work and practice (Dweck, 1999; Dweck & Leggett, 1988).
People who adopt a growth mindset embrace challenges, see mistakes
as opportunities for improvement, and see effort as the path to mastery
(Dweck & Leggett, 1988). In contrast, students who hold a “fixed mind-
set” believe that their intelligence or ability is fixed and cannot be changed.
This can lead to a desire to demonstrate ability or “look smart” (Elliott &
Dweck, 1988). People who hold a fixed mindset tend to avoid challenges,
avoid mistakes or negative feedback, and give up early (Dweck & Leggett,
1988; Yeager & Dweck, 2012). Students’ mindsets are affected by many
elements of the learning context including feedback from instructors, the
design of activities, and grading practices (Canning et al., 2024; Kroeper
et al., 2022a,b; Muenks et al., 2024; Murphy, 2024). Chapter 3 consid-
ers mindsets in relation to goal setting, and Chapter 5 further investigates
instructional practices and mindsets, including how the mindset beliefs
that instructors hold about students’ abilities can be predictive of students’
experiences and success.

5 ¢

Social Dimensions of Learning

The social dimension of learning includes the activities and interac-
tions students engage in with their peers, instructors, and other individuals
in the learning environment (e.g., teaching assistants or undergraduate
learning assistants). Learning research over the past 20 years has shown
that all learning involves a social component, whether through interactions
with others or through use of tools and frameworks developed by other
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people (such as STEM professionals; National Academies, 2018). There is
strong evidence that collaborative activities done in an environment where
students feel safe and appreciated can enhance the effectiveness of student-
centered learning over traditional instruction (Dennehy & Dasgupta, 2017;
Johnson et al., 1998, 2007; Lunn et al., 2021; Rodriguez & Blaney, 2021;
Rodriguez et al., 2019a). Opportunities for social interaction can help
students reflect on their current understanding, identify areas where they
may have misunderstandings, construct shared meaning based on their own
experiences, and develop a sense of belonging to the STEM community
(Belanger et al., 2020; Li & Singh, 2023; Rodriguez & Blaney, 2021).
Students working together on well-designed learning activities can de-
velop a community of learners that provides cognitive, affective, and social
support for the efforts of its individual members (Dasgupta, 2013; Kober,
2015). By working in social groups, students share the responsibility for
thinking and doing. They can help each other solve problems by building
on each other’s knowledge, asking questions, and suggesting ideas that an
individual working alone might not have considered (Brown & Campi-
one, 1994). When members of a group are able to safely be explicit about
what they mean, challenge each other’s thoughts and beliefs, and negotiate
conflicts that arise, they can spur each other to engage in metacognition,
and this can enhance learning (Stanton et al., 2021). In collaborative two-
stage exams, for instance, students complete the task individually then im-
mediately complete the same work again in small groups, where students
received feedback from their peers. Analysis showed that students recognize
this process as a valuable learning experience and demonstrated greater im-
provement on subsequent individual testing compared to when only tested
as individuals (Gilley & Clarkston, 2014; Nicol & Selvaretnam, 2021;
Wieman et al., 2014). Chapter 5 discusses designing effective group work.

Principle 4: Identity and Sense of Belonging
Shape STEM Teaching and Learning

Within the undergraduate STEM education system, each individual
(e.g., students, instructors, administrators, support staff) has a multi-di-
mensional identity that influences the way they see the world, are treated,
and interact with others. Some aspects of identity, such as skin color or a
person’s reliance on a guide dog, may be readily apparent. Other identities
may be less visible, such as mental health condition; lesbian, gay, bisexual,
transgender, queer/questioning, intersex, asexual/aromantic/agender, plus
other related identities (LGBTQIA+; veteran or caregiver status; and famil-
ial socio-economic status (e.g., Busch et al., 2023). Many other aspects of
identity can also influence how students and instructors engage with STEM
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learning, including, for example, familial experience with STEM or with
higher education.

When students are able to leverage features of their identities in STEM
learning spaces, they are able to develop agency and ownership of their
educational journey (Betz et al., 2021; Espinosa, 2011; Newell & Ulrich,
2022). Further, when their identities are recognized and validated by their
instructors, students may develop deeper understanding of STEM concepts
as well as build stronger critical thinking skills (Carlone & Johnson, 2007;
Upadhyay et al., 2020). For decades, literature on minoritized students’ ex-
periences in STEM has examined the ways that students feel marginalized
(see, e.g., Berhane et al., 2020; Friedensen et al., 2021; Hatmaker, 2013;
Hughes, 2018; Rodriguez et al., 2022). A smaller number of studies (e.g.,
Morton & Parsons, 2018; Ross et al., 2017; Simpson & Bouhafa, 2020;
Wofford & Gutzwa, 2022) have pointed to ways researchers and educa-
tors can see students’ identities as assets and more intentionally support
nondominant (e.g., non-White, nonmale) identities. In a review of over 30
studies looking at student-faculty collaboration in the classroom, Cook-
Sather et al. (2023) note that STEM practices often exclude certain voices
and limit development of a STEM identity by those students.

Cues About Which Students Are Valued

Two well-studied and related phenomena that can adversely impact stu-
dent affect are stereotype threat and social identity threat, in which students
are reduced to or seen through the lens of negative stereotypes associated
with one or more of their social group memberships (Steele, 1997; Steele &
Aronson, 1995; Steele et al., 2002). The cognitive and affective experiences
of social identity threat can affect anyone, but it has its largest impacts on
students from groups historically excluded and negatively stereotyped in
educational settings. For example, Latina/o students can underperform on
math and spatial ability tasks when reminded of negative ethnic stereotypes
(Gonzales et al., 2002); similarly, lower-income students may underperform
when stereotypes about their socio-economic background are highlighted
(e.g., Croizet & Claire, 1998; Croizet & Millet, 2012).

As students participate in learning environments, they pick up on cues
as to whether they are seen as valued and potentially successful participants
in the STEM disciplines. Cues that suggest that certain students are less
capable, possess less inherent or natural ability, are less motivated, or are
less worthy of inclusion in an educational environment than their peers are
termed identity-threatening cues, because they threaten students’ sense of
value and respect based on their social-identity-group membership (Murphy
& Taylor, 2012; Murphy et al., 2007; Steele et al., 2002). These cues under-
mine students’ development of identities as successful STEM learners and
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their sense of belonging in STEM. Conversely, identity-safe cues are equita-
ble and effective teaching practices that signal to people that they are valued
and respected based on their social identities. Negative cues about ability
that trigger bias and stereotypes often arise in STEM classrooms, and those
negative messages can be damaging to developing a positive STEM identity
(Harrison & Tanner, 2018; Turochy et al., 2023). In turn, negative STEM
identities can discourage students from further study in STEM subjects. In
the presence of negative cues, historically excluded and marginalized stu-
dents (e.g., racial and ethnic minority students, women studying STEM or
other fields in which they are numerically underrepresented, students with
high levels of financial stress, LGBTQIA+ students) not only experience the
learning environment more negatively from an affective perspective—show-
ing lower levels of belonging, trust, and self-efficacy—they also demonstrate
lowered motivation, engagement, learning, and performance (e.g., Canning

et al., 2019, 2022; Muenks et al., 2020).

There are many studies that show that interventions that address social
identity can help underserved students (Bell et al., 2003; Logel et al., 2009;
Walton et al., 2015). Studies show that when identity-threatening cues are
removed from the environment and replaced with identity-safe cues, these
students perform as well as—and in some cases, better than—students from
majority groups (McLean et al., 2022; Murphy & Taylor, 2012; Pietri et al.,

2019; Spencer et al., 2016; Steele et al., 2002).

Enbhancing Sense of Belonging

There is evidence that students’ sense of belonging increases when
they experience academic and interpersonal validation (Burt et al., 2023;
Holland Zahner & Harper, 2022; Rendon, 1994). Students with a higher
sense of belonging in STEM are more likely to report having friends in their
major, and to socialize with peers and faculty in the field (National Acad-
emies, 2017b; Whitehead, 2018). These kinds of interactions can foster a
feeling of being an integral part of a community (Hurtado & Carter, 1997;
Solanki et al., 2019). When instructors build connections with their students
in ways that recognize and validate students as whole people, they increase
engagement and learning (Costello et al., 2022; Fries-Britt & White-Lewis,
2020; Thacker et al., 2022). Creating student-instructor partnerships for
development of course curricula is another approach (Cook-Sather et al.,
2023). Instructors can work to avoid reinforcing cues that suggest to stu-
dents that not everyone can succeed in STEM by, for example, cultivating a
positive STEM learning environment in which they encourage contributions
from students. One study of students learning English as a second lan-
guage showed that interventions promoting belonging improved outcomes

(LaCosse et al., 2020).
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Students may have increased motivation and sense of belonging during
their learning process when they interact with peers who have been through
similar experiences, share values and beliefs, and are able to listen and
provide support. Such learning approaches have been cited as one critical
method for supporting students, especially women and underserved stu-
dents, within the realms of self-efficacy, interests, skills, and persistence in
STEM (Rockinson-Szapkiw & Wendt, 2020). Specifically, interventions that
engage students in conversation with peers about overcoming adversity and
therefore normalize struggle can raise grades (Binning et al., 2020, 2024).

Another aspect of belonging is the extent to which students develop a
positive disciplinary identity and understand the way of thinking of that
discipline (Carlone & Johnson, 2007; Hazari et al., 2013). Learning experi-
ences that cultivate this type of disciplinary identity in which students see
themselves as capable of accomplishing tasks and achieving goals are key to
students’ sense of belonging within a discipline (Rainey et al., 2018; Singer
et al., 2020; Xu & Lastrapes, 2022). Adopting instructional practices that
encourage a growth mindset can be helpful in communicating to students
that they are competent in a discipline (Canning et al., 2024; Hecht et al.,
2023; Kroeper et al., 2022a,b; Muenks et al., 2024). Instructors can also
modify course materials to highlight a range of identities in STEM, rather
than only White, male, and cisgender individuals who are overrepresented
in many STEM disciplines (Schinske et al., 2016).

Principle 5: Multiple Forms of Data Can
Provide Evidence to Inform Improvement

Equitable and effective teaching is an iterative process that requires
sustained effort over time to ensure that the best practices and policies are
in place. For this reason, the concept of continuous improvement, origi-
nally developed in manufacturing, can usefully be applied to this type of
STEM education reform (National Academies, 2018; Singh & Singh, 2015).
Continuous improvement does not focus on continual change but, rather,
on evaluating the outcomes of a change and then using the information to
guide actions to improve a process (Jha et al., 1996). Assessments of learn-
ing, data on student experiences and student outcomes, data on the progress
of change efforts, and self-reflection on these multiple forms of information
are all important tools in this regard and can support improved understand-
ing of the challenges students and instructors are encountering and how
well students are meeting the learning goals of a course or program (e.g.,
Grangeat et al., 2021). Below we discuss assessing for student learning,
which includes both content knowledge and ability to apply principles and
concepts to the practices of the discipline. It is also important to assess the
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affective and social dimensions that impact student learning experiences.
The role of learning goals in course design and teaching is discussed at
length in Chapter 5. The role of data at the institutional level is discussed
in Chapter 9.

Assessment of Student Learning

Within courses, students and instructors can use data to measure and
guide learning. Assessments of learning provide instructors with feedback
about what students know, how well they are learning, and where they
are having difficulties. Through the frequent use of multiple formats and
approaches for assignments, quizzes, tests, and projects, instructors and
students generate data that can be used to improve teaching and learning.
Disaggregating according to different components of an assignment or
assessment can help to identify where students might be excelling versus
where they could use more support. When combined with the instructor’s
observations of the students and the learning environment, decisions about
adjustments to course timing or approach can be made to better help stu-
dents meet defined learning goals. This includes both considering results for
individual students and looking at patterns across all students in a course
to determine who is and is not being well served.

Effective assessment involves more than just tracking students’ grades
on exams. Formative and summative assessments are two different types
of assessments that give different views of student progress. Formative
assessment can be done informally during course sessions to provide the
instructors with information on what topics need more attention or more
formally to help students determine which topics they need to explore more
deeply in order to achieve understanding and meet course learning goals
(Kim et al., 2019). Formative assessments focus more on eliciting student
thinking and gathering information that allows the instructor to adapt to
student needs (Grangeat et al., 2021). They also improve student metacog-
nitive awareness of their own learning (Clark, 2012; Hudesman et al., 2013;
Wafubwa & Csikos, 2022). They can help determine if a student is making
progress toward their learning goals and therefore give information that
allows for improvements in the learning environment. In a student-centered
course, formative assessments are not quizzes that simply require memoriz-
ing material. Rather, these assessments provide students with opportunities
to reflect on, revise, and improve their thinking and help instructors identify
areas where students might be struggling. Many of the learning activities
described in Principle 1: Active engagement are themselves a form of as-
sessment that provides instructors with richer information about students’
understanding than they could obtain from traditional assessments and
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these learning activities themselves support student understanding more
than receiving lecture-based instruction.

One of the most important roles for assessment is the provision of
timely and informative feedback to students during instruction and learning
so that their practice of a skill and its subsequent acquisition will be effec-
tive and efficient (NRC, 2001). The addition of frequent and varied oppor-
tunities for formative assessment increases students’ learning and transfer,
and they learn to value opportunities to revise (Lyle et al., 2020; Prince et
al., 2020). Some research has shown that using mixed assessment methods
can increase performance by underserved students (Cotner & Ballen, 2017;
Salehi et al., 2019b). More generally, an overall positive association between
formative assessment and student learning has been found and it can gener-
ate meaningful feedback about learning to guide choices about next steps
in learning and instruction (Andrews et al., 2022; Bennett, 2011; Black &
Wiliam, 2009; Graham et al., 2015; Kingston & Nash, 2011).

Summative assessments can include structured projects as well as tra-
ditional midterms or final exams. They evaluate students’ performance
against a standard or benchmark at different times during the course (e.g.,
at the end of a unit, or at the end of a semester). These assessments indi-
cate how students have progressed in their learning and can be used to
determine students’ grades (Brownlie et al., 2024). In addition, summative
assessments can be used to evaluate the effectiveness of course design and
determine which aspects need to be revised in future iterations of the course
as well as informing decisions about course sequences and larger issues in
a program of major.

Formative and summative assessment can be done in varying ways
that support active learning and equitable education experiences; forma-
tive assessments with timely feedback from the instructor can help improve
student learning (Irons & Elkington, 2021; Morris et al., 2021), while
summative assessments that are designed based on the previously shared
learning goals for the course can also contribute to equitable and effective
learning experiences (Goss, 2022; Osler & Mansaray, 2014). However, the
current system, with its focus on grades, does not always allow for such
experiences. Research has shown that grades are not always good measures
of learning and are based on varying standards; because of this, they can
lead to students focusing on grades rather than their own learning (Cain et
al., 2022; Lim, 2024; Schwab et al., 2018). Alternately, courses designed in
accordance with the science of learning (e.g., the research reviewed in this
report) would include summative and formative assessments that are infor-
mative to students and integrated through the student learning experience.
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Data at the Course, Academic Unit, and Institutional Levels

This type of data analysis can be helpful at the academic unit and in-
stitutional level as well as at the course level. When data are appropriately
disaggregated according to attributes associated with courses, students, or
instructors such information can provide insights into what may or may
not be working related to equitable and effective undergraduate STEM
teaching. Data can be used to understand the role and impacts of inter-
sectionality, such as between gender and race, or between status as a first-
generation college student and socio-economic status. Trends in grades,
course completion, and enrollment can illuminate inequities in access to
supportive learning contexts and lead to revisions of course design and
sequencing. More broadly, data can shine a light on complex interdepen-
dencies in STEM education. An approach that is equitable and effective in
one classroom, one situation, one institution, or for one group of students
may present challenges elsewhere in the system, pointing to the need for a
different approach or implementation. Many insights can be gleaned from
information about grades and course completion, student and instructor
attitudes and beliefs, and usage data from courses and online tools that
are independent from or part of learning management systems. This type
of data can be combined with other data sources to provide possibilities
for institutions of higher education to move beyond a paradigm of course
assessment, and more toward the comprehensive analysis of an experience.
The latter implies more than student effort (and requisite grades) to deter-
mine if outcomes were met, and by definition forces a self-reflection of the
other key stakeholders including instructors and beyond to interrogate their
role in how the experience transpired. Data are discussed at various points
throughout this report as they are relevant to the topic under discussion;
Chapter 9 particularly focuses on data and how institutions use data as

they relate to teaching.

When multiple types of data are used, one can better understand indi-
vidual courses, course sequences, programs, majors, and other institutional
activities; likewise, multiple types of assessment models can be used to mea-
sure student learning. Data on performance outcomes, learning outcomes,
and affective outcomes can be combined to guide discussion. Disaggregat-
ing these data can inform decisions about structural or policy changes
that can improve equitable and effective experiences for students. Careful
guidance and support are needed to ensure that data are used to identify
students or instructors needing additional support but not to label, exclude,

or punish (McNair et al., 2020).
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Principle 6: Flexibility and Responsiveness to Situational
and Contextual Factors Support Student Learning

Instructors can build flexibility into their courses in order to preserve
opportunities to adjust as a term progresses. This allows them to be re-
sponsive to formative assessments that reveal students’ need for additional
guidance with a particular topic by adding material to class meetings or
reviewing concepts where students are struggling to understand. Flexibility
is also important from the student perspective. When students are given
increased autonomy and allowed to make choices it can increase their com-
fort level and enhance their receptivity to learning new material as well as
making courses more responsive to student voice and needs (Chase, 2020;
Gube, 2019; Gube & Lajoie, 2020). Instructors can provide guidelines that
lay out expectations and provide clear requirements that include options
so that students can engage with the course material in ways that facilitate
their learning.

When instructors and institutions are flexible and responsive to situa-
tional and contextual factors, they are able to make decisions that recognize
the individual needs of each student and their circumstances and position
them to best meet the course’s learning goals. Students have non-academic
responsibilities, which can lead to variability in the time and resources they
have to be present, prepared, and able to participate fully their coursework
(e.g., how secure they are in their basic needs, political situations, social
influences, health, disability, geography, etc.). Flexibility and responsiveness
to these factors help create an equitable and effective learning environment
by recognizing the importance that choice and autonomy play in enhanc-
ing learning and promoting motivation and engagement. Furthermore,
providing students with flexibility in assignments can give them a sense
of autonomy over their own learning (Fujii, 2024; Orakci, 2021; Stenalt
& Lassesen, 2021). Being flexible and responsive does not imply a lack of
structure. In fact, a course structured around learning goals and assessments
that are transparent (as described in Principle 1: Active engagement and
Principle 7: Intentionality and transparency) allows for flexibility in sup-
port of those learning goals, without compromising the structures in place
to support student achievement.

Assumptions that all students can devote themselves completely to their
education exclude those individuals who have other responsibilities or are
affected by historic structures or current events. When instructors and in-
stitutions are flexible and responsive to situational and contextual factors,
they can provide more equitable opportunities for students to engage in
STEM learning in productive and supportive environments. Students’ lived
experiences are important to their learning (see Principle 2: Leveraging di-
verse interests, goals, knowledge, and experiences). Paying close attention
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to individuals’ lived experiences, and how those experiences have unique
relationships to power and inequity, can foster more inclusive learning en-
vironments. Studies of STEM education have explored the role of student
identity and taken into account the importance of intersectionality where
students have more than one marginalized identity (Crenshaw, 1989; Met-
calf et al., 2018; Nix & Perez-Felkner, 2019).

When flexibility is designed into courses, instructors can be responsive
to events that may impact students’ learning. These may be events that are
relevant to course content and provide an opportunity to enhance learning;
for example, when an event like a major earthquake or volcanic eruption
occurs, an Earth science instructor can allow for class time for students to
explore data about the event, to ask questions, and to learn more about the
impacts of the event on communities and cultures. On the other hand, these
events may be upsetting and can impede learning and need to be acknowl-
edged; for example, political or social turmoil or events when members of
a particular identity group are targeted may impact students’ ability to be
present and engaged in a course. Often, a simple acknowledgment of the
circumstances can help; at other times, greater flexibility may be needed.

Flexibility can be offered on multiple levels, including potential con-
straints students have around course scheduling, setting due dates for as-
signments, and designing assessments. Allowing for options in assignments,
which allows students to iterate and improve as their understanding devel-
ops, can also make a course more accessible and enhance student learning.
Some research suggests that attention to the time periods when classes are
offered can increase retention rates and reduce the time to graduation by
allowing students to enroll in an increased number of credit hours even
as it better accommodates students’ extracurricular activities, work, or
family obligations (Mintz, 2024). Alternative forms of course grading, like
specifications grading, inherently create more student choice and flexibility
compared to common grading approaches (Katzman et al., 2021; McKnelly
et al., 2021; Villalobos et al., 2024). Not only do students have clear guid-
ance on what to do to achieve a grade, they also have the ability to make
informed choices about how and when to complete their assignments.

In a National Academies study on the role of Minority Serving Insti-
tutions in promoting success in STEM, institutional responsiveness was
identified as a key strategy (National Academies, 2018). Institutional re-
sponsiveness included meeting students where they are; that is recogniz-
ing STEM students’ need for flexibility as well as all students’ needs for
academic, financial, and social support (National Academies, 2018). A lack
of flexibility is frequently seen in the overall suite of courses offered by
an academic unit; how the courses are sequenced and structured, the tim-
ing with which courses are offered, and whether all students have access
to necessary texts and other resources for full participation in courses all
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impact the ability of students to make progress toward a credential (Bahr
et al., 2017, 2023a,b).

Instructors can sometimes be limited in their ability to be responsive
and flexible. The academic unit (e.g., department) may control some of
these limits through their policies or practices (this is discussed further in
Chapter 6). Here, we mention the types of issues that units might consider
in their efforts to increase responsiveness and flexibility. In order to decrease
barriers to participation, academic units can consider removing certain re-
quirements for prerequisite courses and provide alternative methods for stu-
dents to demonstrate or acquire the necessary knowledge and skills. They
might also consider the cost of textbooks and other course materials. Varied
formats that are responsive to student needs allow students to choose the
options that will work best for them. Courses that meet virtually can be
essential for students who are not able to come to campus due to distance,
commuting logistics, caregiving responsibilities, illness, or disability.

Flexibility and situational responsiveness are also crucial for adminis-
trators to consider when setting or reviewing expectations for instructors.
Recent times have been extremely challenging for students and instructors
alike and demands on instructors can be unrealistic and unsustainable.
Providing instructors with autonomy to implement equitable and effective
approaches in the ways that fit their courses and disciplines is important.
Providing professional learning and development about teaching and en-
suring support for administrative tasks can go a long way in cultivating an
environment conducive to implementation of equitable and effective teach-
ing. This is taken up in more detail in Chapter 8.

Principle 7: Intentionality and Transparency
Create More Equitable Opportunities

Intentionality in designing courses, both in terms of careful selection
of learning goals and careful design of the course structures and policies,
can improve student learning experiences. Transparency in communicating
to students about the reasons for these design choices and about priorities,
expectations, and norms can help to surmount barriers that arise due to
differences in background knowledge about the structures, policies, and
expectations of higher education (Sellers & Villanueva, 2021; Villanueva
et al., 2018; White & Lowenthal, 2011).

Creating an atmosphere of trust and sustaining it throughout the teach-
ing experience has been shown to help learning (Archer-Kuhn & MacK-
innon, 2020; Hartikainen et al., 2022). Winkelmes’ (2019) work on the
Transparency in Learning and Teaching framework espouses not just an
ethos of explaining to students the “why” behind assignments but ensuring
that this spirit of openness is present in all pedagogies. For example, an
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instructor can use the syllabus to make the goals of the class explicit, and
they can intentionally state how to be successful in meeting those goals.
When the course goals are transparently explained in class and students can
see the way that course assignments and projects were intentionally chosen
to connect to those learning goals it enhances the opportunities for equita-
ble and effective learning experiences. Topics that might be covered in class
and on a syllabus include due dates and times and the process and policies
around extensions, an explanation of grading policies, and when students
can expect feedback from the instructor. The language can be chosen so that
it is easily understood by students and covers a variety of topics including
course content, accessibility policies, grading policies, and pedagogical ap-
proaches (Gin et al., 2021). When students are to be assessed, instructors
can share in advance the criteria they will use to evaluate student work and

participation through grading rubrics or other methods.

When instructors are intentional about ensuring that the learning goals
in a course are clearly communicated and all elements of the course are
intentionally aligned to help students achieve these goals, it is easier to
measure if the goals have been reached and students are more likely to be
successful (Jensen et al., 2017; Neiles & Arnett, 2021; Reynolds & Kearns,
2017). Giving students information about course and program require-
ments, expectations, and opportunities provides them agency and empowers
them to make decisions about pursuing further study in STEM. Explicitly
informing students of policies and priorities can mitigate the negative ef-
fects of the “hidden curriculum” that frequently excludes first-generation
students and those who are not well connected to campus communities and
help students achieve their learning goals (Koutsouris et al., 2021; Rossouw
& Frick, 2023; Winter & Cotton, 2012). Course plans and expectations
are easier to describe and explain to students when courses are developed
around the goals using strategies such as backward design—a process in
which instructors start with the end result in mind and ask what they want
students to know and be able to do at the end of the course (Wiggins &
McTighe, 2005). This type of course design is described in further detail
in Chapter 5. It stands in contrast to a content-focused approach, which
takes as a starting point a body of knowledge (typically, a textbook). Learn-
ing goals can include goals around content, concepts, and practices that
students should understand, but can also include skills and affective goals
such as increased belonging or self-efficacy. Within courses, open and clear
communication about learning goals at the course and assignment level
helps students understand the goals and identify the pathway to achieve
them (Palmer et al., 2014; Winkelmes et al., 2019). By foregrounding learn-
ing goals, and building content and assessments around them, backward
design allows instructors to be more intentional in their teaching (Jensen et

al., 2017; Neiles & Arnett, 2021; Reynolds & Kearns, 2017).
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Likewise, for assessments to be effective, it is crucial for students to
understand the goals for learning intended by the instructor and for the
assessments to measure the stated learning goals. Students learn more
when they understand (and even participate in developing) the criteria
by which their work will be evaluated, and when they engage in peer and
self-assessment during which they apply those criteria (NRC, 2001). More
specifically, developing student assignments in a transparent way can lead
to more equitable achievement by first-generation learners and students
from underrepresented backgrounds (Palmer et al., 2018; Winkelmes et al.,
2019). In general, these practices develop students’ metacognitive abilities,
which, as emphasized above, are necessary for effective learning.

Learning goals can encompass knowledge of disciplinary skills, con-
cepts, and practices. Some courses, such as those in career and technical
education programs, are primarily and intentionally designed to help stu-
dents gain proficiency in technical applied skills, and they learn about the
underlying disciplinary concepts in service of that goal. Other courses and
programs may not have such clear career connections, but instructors can
intentionally structure learning experiences so that students use skills of the
discipline as they design solutions for engineering problems or synthesize
molecules in a chemistry laboratory, for example. Students can also learn
about careers through assignments that range from interviewing profes-
sionals in the field to analyzing data from a government website used by
professionals. Career options and career competencies become more trans-
parent when students have direct experience with skills that will be used in
a future career and experience class activities and assignments that expose
them to aspects of jobs in STEM.

As mentioned above in Principle 4: Identity and a sense of belonging,
research has found ways that instructors can view students’ identities as
assets and more intentionally support nondominant (e.g., non-White, non-
male) identities to help overcome ways that students may be feeling mar-
ginalized (see, e.g., Berhane et al., 2020; Friedensen et al., 2021; Hatmaker,
2013; Hughes, 2018; Morton & Parsons, 2018; Rodriguez et al., 2022;
Ross et al., 2017; Simpson & Bouhafa, 2020; Wofford & Gutzwa, 2022).
Some research has found that intentionality is critical to efforts to support
academically underprepared students and specifically that those efforts de-
pend upon the intentional implementation of four key features: integrative
learning, collaborative classrooms, co-curricular support, and increased
faculty-student interaction (Gebauer, 2019). That work also suggested that
instructors can create intentional connections across courses by blending
remedial or developmental learning into standard courses via purposefully
designed assignments that require students to use the developmental-level
skills being taught. Transparent and intentional decisions about departmen-
tal and institutional policies, including those based on data as described in
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Principle 5: Multiple forms of data, can contribute to practices that support
students’ equitable participation, including intentional inclusion of students
from all backgrounds and transparency in major and graduation require-
ments as well as course offerings, structures, and scheduling.

THE ROLE OF THE PRINCIPLES

Taken together, the Principles provide a lens for examining practices
and policies at multiple levels—e.g., in the classroom, the academic unit,
and the institution—to identify and enact the changes that need to be made
in order to more toward more equitable and effective STEM teaching. They
offer a common language and vision that can guide revisions to practice
and policy such as re-imagining teaching evaluations, developing guidelines
for professional teaching practice, or redesign of course content and course
sequencing. Table 4-1 presents some examples of instructional practices that
can fit under the Principles laid out in this chapter. The examples shared in
the table are illustrative and not comprehensive. Similarly, many practices
used in teaching can be classified as falling under more than one Principle
and multiple Principles could be used in combination in a given teaching
strategy.

While the Principles are envisioned as applying across institution types
and different course structures and modalities (such as virtual courses), the
specifics of how these Principles appear in practice will vary in different
contexts. The following chapters explore how the Principles can inform
changes at the classroom, academic unit, and institutional levels.

SUMMARY

This chapter presents a set of Principles for Equitable and Effective
Teaching that can be applied across institution types and different course
structures and modalities as instructors design equitable and effective learn-
ing experiences for students. The Principles are discussed here primarily as
seven separate concepts in order to elevate attention to each of them. In the
classroom and in other learning settings, instructors use overlapping ideas
and approaches from each of these Principles in the design and teaching of
their courses. The Principles as a group describe what equitable and effec-
tive teaching looks like. Enacting them is the central focus of the journey
to equitable and effective learning experiences. Later chapters of this report
illustrate in more detail how instructors can use the Principles and how
academic unit and institutional leaders can support those instructors. The
evidence cited in this chapter is not meant to be exhaustive; rather, it has
been selected to illustrate the importance and strength of support and to
show that a large body of work underlies these Principles and can be drawn
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TABLE 4-1 Instructional Practices Illustrating the Principles for Equitable

and Effective Teaching

Principles

Selected Instructional Practices
(see Chapter 5 for further elaboration)

Principle 1: Students need

opportunities to actively engage in

disciplinary learning

Principle 1: Active engagement

Principle 2: Connecting to and
leveraging students’ diverse
interests and goals, prior
knowledge and experiences
enhances learning

Principle 2: Leveraging diverse
interests, goals, knowledge, and
experiences

Principle 3: STEM learning
involves affective and social
dimensions

Principle 3: Affective and social
dimensions

Principle 4: Identity and sense of
belonging shape STEM learning

Principle 4: Identity and a sense of

belonging

Principle 5: Multiple forms of data

can provide evidence to inform
improvement.

Principle $: Multiple forms of data

Principle 6: Flexibility and
responsiveness to situational and
contextual factors is important

Principle 6: Flexibility and
responsiveness

Provide opportunities for students to actively practice
and apply disciplinary skills (active learning).

Provide opportunities for reflection on learning and
consolidation of new ideas.

Assess students’ prior knowledge and skills and build
on them.

Validate and build on students’ funds of knowledge.
Utilize culturally responsive and culturally relevant
teaching.

Show how STEM is relevant to students’ lives and
communities.

Design activities with students’ attitudes, beliefs, and
expectations about learning in mind.

Provide opportunities for students to work together
and learn from each other.

Empbhasize students’ abilities to learn and improve and
engage in growth-minded teaching practices.

Build meaningful connections between instructors and
students.

Support approaches that develop community among
students.

Modify course materials and pedagogical approaches
to reflect different identities.

Attend to and address cues that send negative messages
about who can succeed in STEM.

Use formative assessments to elicit student thinking
and gather information that allows the instructor to
adapt to student needs.

Use frequent low-stakes assessments and choose varied
formats for the assessments.

Use summative assessments to evaluate effectiveness of
course design and determine what needs to be adjusted
in the future.

Use disaggregated student outcome data to gauge the
effectiveness of instructional approaches.

Build flexibility into course content and structure.
Build flexibility into assessments and grading.
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TABLE 4-1 Continued

Selected Instructional Practices

Principles (see Chapter 5 for further elaboration)

Principle 7: Intentionality and Design courses around clear and explicit learning goals

transparency support more for students.

equitable opportunities Provide a syllabus that makes the goals of the class
and how to be successful in it clear.

Principle 7: Intentionality and Be clear and explicit with students about the purpose

transparency of assignments and how they will be assessed.

NOTE: In this and subsequent chapters we often refer back to the Principles presented in this
chapter to illustrate how they are relevant to the topics of later chapters. To avoid repeating the
long names of each Principle we utilize some shorthand. The shorthand naming conventions
are listed below the full Principle names in the left column of the table. The right-hand column
of this table presents sample practices that could be used in an undergraduate STEM course.

upon by scholars and practitioners. The evidence for Principles 1, 2, 3, 4,
and § is quite strong: these Principles have been well studied in a variety
of learning settings for people of diverse ages. The evidence for Principles
6 and 7 is less robust. That said, flexibility, responsiveness, intentionality,
transparency, and related topics have been central to conversations about
higher education for years, and these concepts underlie many efforts to im-
prove undergraduate STEM education. Increased awareness to these issues
and additional research on their use in teaching could help improve student
learning experiences.

Conclusion 4.1: A set of Principles for Equitable and Effective Teach-
ing for undergraduate STEM education derived from the evidence on
learning and teaching can inform the design and enactment of more
equitable and effective pedagogical approaches. Using these Principles
to improve undergraduate teaching and learning in STEM will require a
commitment from STEM academic units and higher education institu-
tions as well as from individual instructors. The Principles are
e Principle 1: Students need opportunities to actively engage in
disciplinary learning
o Principle 2: Students’ diverse interests, goals, knowledge, and
experiences can be leveraged to enhance learning
o Principle 3: STEM learning involves affective and social
dimensions
o Principle 4: Identity and sense of belonging shape STEM teach-
ing and learning
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e  Principle 5: Multiple forms of data can provide evidence to
inform improvement

e Principle 6: Flexibility and responsiveness to situational and
contextual factors support student learning

®  Principle 7: Intentionality and transparency create more equi-
table opportunities
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Using the Principles to Improve
Learning Experiences

This chapter provides some examples of ways that instructors can put
the concepts of the Principles for Effective and Equitable Teaching (de-
scribed in Chapter 4) into practice. An instructor beginning their journey
to becoming a more equitable and effective teacher might initially choose to
focus on just one Principle at a time or pick one of the example strategies
described below as an entry point. Another might apply multiple Principles
in an interconnected way to build upon strategies they have previously in-
corporated into their teaching. Designing and implementing equitable and
effective learning experiences is not a matter of checking off each of the
Principles from a list; it is an ongoing process requiring repeated reflection
and innovation. This reflection involves getting to know both yourself and
your students, including questioning your assumptions about your own
expectations and approaches. In order for instructors to teach equitably and
effectively, they need to consider the students’ point of view and reflect on
the planned approach and its implications for equity and student learning
in all aspects of course preparation. Engaging in professional learning and
development (discussed in Chapter 8) to support course design can be an

effective way of learning to create these environments.

The Principles can be a lens for looking at many different aspects of
a course, including the content covered, instructional practices, students’
tasks, group work, and grading. While the priorities and expectations of dis-
ciplinary units and institutions can sometimes be a barrier to transforming
teaching, individual faculty who are interested in re-imagining their teach-
ing based on the Principles can consider small changes as starting points.
For example, faculty can start by including a few activities for students that
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reflect the Principles, testing out new approaches to assessment, expanding
opportunities for students to get to know each other, or revising the syllabus

to provide more transparency.

The chapter is organized into two main sections that reflect major
themes captured by the Principles: designing for learning, and cultivating an
equitable and effective learning environment. Both sections discuss strate-
gies, approaches, and tools that instructors, either individually or collabora-
tively, might consider as they reflect on course design and instruction. The
section on creating an environment compatible with productive learning
explores the need for instructors to reflect on their own assumptions about
learning and teaching as well as the need for instructors to get to know their
students in order to make design choices that support learning for those
students. Implications for disciplinary units and institutions are discussed
in subsequent chapters. In this and subsequent chapters we often refer back
to the Principles presented in Chapter 4 to illustrate how they are relevant
to the topics of later chapters. To avoid repeating the long names of each

Principle, we utilize the same shorthand as listed in Table 4-1.

DESIGNING FOR LEARNING

A foundational concept of the Principles for Equitable and Effective
Teaching presented in Chapter 4 is that students’ learning is the primary
goal of teaching. Focusing on student learning as the goal of a course has
several important components for the instructor, including clearly articu-
lating what they expect students will know and be able to do by the end
of a course; making use of assessments that allow them to see students’
progress toward those goals; and making use of class time to help students
build their skills and be successful on the assessments, thus achieving the
learning goals. Designing courses explicitly with learning goals in mind may
require a shift in the instructional approaches and classroom activities that

instructors use.

Learning is understood by researchers to be an active process that in-
volves both development of an understanding of key concepts in a discipline
and the ability to use that knowledge to engage in disciplinary practices (the
research basis for this is discussed in greater length in Chapters 3 and 4 and
is reflected in the Principles). This means that more traditional instructional
approaches that emphasize memorizing decontextualized facts or undertak-
ing decontextualized procedures are not as effective as learning experiences
that provide students with opportunities to reflect on and use their develop-
ing knowledge (see Chapter 3 for additional discussion of the supporting
research). Instructors therefore need to reflect on their own assumptions
about teaching and learning as they design courses. In this section, we pres-

ent guidance and strategies for designing around learning goals.
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Applying the Principles has implications for classroom instruction.
Table 5-1 presents some of the changes that could increase student learning
over “traditional” approaches. The column on the left describes strategies
that help to center and support students’ learning. The column on the right
describes strategies that are common in more “traditional” STEM learning
and are less effective for supporting students’ learning. Moving away from
strategies in the second column to strategies in the first column will help
an instructor’s teaching become more equitable and effective and have a
positive impact on student learning. As discussed in Chapter 3, these strat-
egies reflect multiple lines of research on learning and teaching that have
solidified over the past 30-40 years. The following sections elaborate on
the approaches in the left column.

The Universal Design for Learning Framework

One tool that can be helpful for developing teaching practices that
center student learning is the Universal Design for Learning (UDL) frame-
work, which is grounded in principles of neuroscience and can be utilized
to promote equitable learning in science, technology, engineering, and math-
ematics (STEM; CAST, n.d.). UDL guidelines focus on three major areas,
including the design for multiple means of (a) engagement, (b) representa-
tion, and (c) action and expression. This framework was developed to ac-
count for variability in how people learn, including people with disabilities.

TABLE 5-1 Changes That Can Increase Teaching Strategies Focused on
Student Learning

Teaching Focused on Student Learning Includes

More of...

Less of...

Clear articulation of learning goals and
how the work done in the course will help
students achieve learning goals

Course structures that engage students as
active learners

Activities that regularly engage students

in using the skills and knowledge of the
discipline

Being transparent about opportunities and
expectations for learning and engagement

Grading practices that allow for formative
feedback and focus on mastery

A focus on getting through a set amount of
content

Course structures that maintain students as
passive receivers of information

Separate laboratory sections focused on
skills without clear connections to course
content

Assuming that all students are aware of
what they “should” be doing

Grading practices that focus on a theoretical
distribution (a curve) and promote
competition in a few high-stakes assessments
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CAST updated the UDL guidelines in July 2024 to include components ad-
dressing systemic bias and exclusion in learning environments, making the
framework even more comprehensive. Figure 5-1 shows the latest version of
the UDL guidelines (CAST, 2024). A paper commissioned for the 2023 Na-
tional Academies event on Disrupting Ableism and Supporting People With
Disabilities in the STEM Workforce explored the intersection of UDL with
STEM learning in higher education and provides some guidance for mak-
ing classroom, laboratory, field, and digital spaces inclusive and accessible.!

For STEM instructors seeking to implement UDL in their courses, one
useful approach is called plus-one, whereby they consider more than one
way to represent course concepts, engage students in their learning, and
have students demonstrate their learning (Behling & Tobin, 2018). As an
example, illustrating a concept in more than one way in a STEM course
might involve any of the following: physical or digital models, animations,
problem-solving, a case study, descriptive, or oral text. Additional ideas for
making courses more accessible are often available from campus centers
for teaching and learning or campus disability resource centers as well as
national centers such as the DO-IT center at the University of Washington.?

UDL has the potential to be integrated to scale within STEM courses
to facilitate equitable learning experiences for students with and without
disabilities, and to disrupt conceptions of normalcy and traditional ap-
proaches to teaching that do not account for learner variability (Fornauf
& Erickson, 2020; Schreffler et al., 2019). In a systematic review of 17
articles involving UDL integration in higher education, 15 reported positive
outcomes, one had mixed findings, and one did not report outcomes (Seok
et al., 2018). Such results highlight the promise of utilizing UDL to support

equitable and effective teaching.

Designing Around Clear Learning Goals

When designing for learning, a critical step is to develop clear learning
goals for students. These goals then guide selection of course materials,
development of tasks and activities for students, and assessments of student
learning—an intentional approach to course design that reflects Principle 7:
Intentionality and transparency. Starting with course goals allows instruc-
tors to make good decisions about what to include and exclude from their
course by asking, “Will this help my students achieve these learning goals?”

I The full version of the paper is available at https:/nap.nationalacademies.org/resource/27245/
Johnston_and_Perez_Creating Disability-Friendly_and_Inclusive_Accessible_Spaces_in_Higher

Education.pdf

2 More information about the University of Washington’s DO-IT center is available at https:/

www.washington.edu/doit/
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Articulating learning goals for students and designing toward them can be
done for an entire course, a sequence of courses, or for a single class session.
In some academic units, instructors may have less flexibility in articulating
learning goals and redesigning a course accordingly because the course con-
tent is laid out by the unit. However, it can still be useful to think through
the learning goals related to the established content, or even the goals for
a particular class period.

Backward design is one common framework for developing courses
based on explicit learning goals (Wiggins & McTighe, 2005). In backward
design, the first step is to define course-level learning goals that are sub-
stantial, measurable, and achievable (or plausible, in the case of goals in the
affective domain). The second step is to develop assessments to determine
the extent to which students have met the learning goals. The final step
is to design activities that help students develop the knowledge and skills
they need to succeed on the assessments. By foregrounding learning goals,
and building content and assessments around them, backward design al-
lows instructors to be more intentional and transparent in their teaching
(Neiles & Arnett, 2021; Reynolds & Kearns, 2017). This approach differs
from approaches to course design that focus mainly on identification of the
disciplinary content that needs to be “covered” in a given course. A focus
on coverage without articulating goals for what students should learn about
the discipline and how they can demonstrate their competence can lead to
adoption of less effective instructional approaches, such as heavy reliance
on lecture and memorization.

There are tools available to help instructors implement backward
design. Neiles and Arnett (2021) provide a primer on using backward
design for chemistry laboratory courses to facilitate a more inclusive, scaf-
folded, and intentional curriculum. Reynolds and Kearns (2017) developed
a planning tool that incorporates backward design, active learning, and
assessment.

In some STEM disciplines, learning goals have been defined by the
community or by outside accrediting bodies, and these can be used as a
starting place for designing a course. For example, Vision and Change in
Undergraduate Biology Education (American Association for the Advance-
ment of Science, 2009) articulates disciplinary core content and compe-
tencies that have been translated into program- and course-level learning
outcomes at many institutions (Brownell et al., 2014; Clemmons et al.,
2020). The BioSkills Guide is one example that provides a set of measurable
learning outcomes for use in the design of individual courses and activities
(Clemmons et al., 2020). In the geosciences, the community came together
during the COVID-19 pandemic to define learning outcomes for capstone
field experiences so that alternatives to in-person field courses could be
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designed that would meet the needs of students (Burmeister et al., 2020;
Rademacher et al., 2021).

Clearly articulated learning goals can help with the careful selection
and effective use of instructional resources in the classroom. Instructors
may think about a textbook as the primary resource for their course and
may choose a textbook based on content and familiarity. However, when
choosing textbooks, instructors often need to consider factors such as cost,
availability, accessibility, supporting materials for students, and equity and
access issues (Marsh et al., 2022). While textbooks from traditional publish-
ers can be unaffordable for low-income students, there are alternatives to
each student purchasing a new textbook (older editions, used books, book
rentals, library copies, etc.); another alternative is the growing availability
of online “open” textbooks, which can be accessed for free, though these
may not be available for specific content areas or more advanced courses
(Bliss et al., 2013; Cozart et al., 2021; Hilton, 2016; Martin et al., 2017a).
It can be useful to choose open educational resource (OER) versions of
tools, but they must be properly evaluated first. OER tools might include
open-source software and other informal learning materials in the public
domain (Diaz Eaton et al., 2022).

Textbooks are not the only instructional resources to consider; digital
tools can also support student learning. High-quality instructional resources
of other formats (e.g., video recordings, visualizations, simulations) can
also support students’ active engagement in disciplinary learning (see the
next section for further discussion of active engagement which is related to
Principle 1: Active engagement).

Many publishers offer access to digital learning tools, collectively called
“courseware,” that are designed to be adaptive platforms that allow stu-
dents to demonstrate their understanding and allow instructors to monitor
their progress. These often contain multimedia lessons, practice problems,
and formative assessments and are most commonly available at the in-
troductory level (e.g., Neisler & Means, 2021). While courseware can be
expensive, there are ways that institutions can fund access to avoid passing
on the cost to students, which may have equity implications. The degree
to which courseware aligns with course organization and structure (such
as a student-centered adaptive approach) impacts the student experience
(O’Sullivan et al., 2020).

Disciplinary and professional societies that focus on teaching sometimes
produce curricular materials (e.g. American Association for the Advance-
ment of Science, 2009; Behbahanian et al., 2018; Steer et al., 2019), as do
grant-funded efforts (Branchaw et al., 2020; Gosselin et al., 2019; Harlow
et al., 2020). Unlike textbooks and courseware produced by publishers,
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these resources are often free to use due to requirements from their fund-
ing sources. They are often based in the research on how people learn (e.g.,
Steer et al., 2019) and often have been tested in college classrooms for their
effectiveness.

Engaging Students Actively

Courses can be designed to develop skills within a particular discipline
through the use of inclusive teaching strategies and active learning ap-
proaches centered around group work and peer instruction; this incorpora-
tion of active learning into STEM courses is the focus of Principle 1: Active
engagement. To truly develop skills in a discipline, the activities within a
course must not only provide active engagement in learning, but must also
be aligned with course goals and desired disciplinary outcomes.

As discussed in Chapters 1 and 3, historically, STEM teaching has
been didactic and instructor centered, largely featuring in-person lectures;
this has shifted some in recent years, but didactic instruction remains
the dominant way that STEM is taught (Stains et al., 2018). Research
evidence makes clear that this traditional approach is ineffective and even
alienating to many students and that active learning approaches are better
suited to developing robust conceptual understanding, facilitating transfer
of learning across contexts, and promoting long-term retention of ideas
(Armbruster et al., 2009; Devlin & Samarawickrema, 2010; Ebert-May et
al., 1997; Hogan & Sathy, 2022; Lyle et al., 2020). Evidence suggests that
active learning tasks give students an opportunity to construct their own
knowledge and understanding, requiring them to do more than simply pas-
sively listening to lectures (Freeman et al., 2014).

When implementing active learning approaches, the instructor acts as
a guide, facilitator, and expert in the discipline, but is not the focus of the
class. Instead, students’ tasks and student learning are the focal point. There
are many ways to design and implement courses that incorporate active
learning, and many strategies have been shown to lead to improved course
outcomes for all students. Instructors can learn from the developed ap-
proaches or begin on a smaller scale by incorporating a few active learning
tasks or group work into a course (Balta et al., 2017; Mazur & Watkins,
2010; Ruder et al., 2020). See Box 5-1 for some established approaches for
actively engaging students.

There are many ways that instructors can actively engage students in
their learning. One approach is to have students do preparatory work out-
side of class and then have them participate in deliberate practice facilitated
with active learning and groupwork during class. Intentional preparatory
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BOX 5-1
Approaches and Resources for Actively
Engaging STEM Students in Learning

Process Oriented Guided Inquiry Learning (POGIL)? is a teaching ap-
proach that focuses on students developing understanding of both disciplinary
content and process skills such as critical thinking and problem solving. Students
frequently examine a carefully chosen or crafted model (e.g., figure, data) and
use it to consider guiding questions provided by the instructor. These models an-
chor cycles of exploration, concept invention, and application as students work to
make sense of the model and integrate it with their existing knowledge. This work
is often done in teams with assigned roles (e.g., recorder, presenter, reflector).
The instructor guides the students to explore new concepts that are central to
the learning goals of the course and the development of disciplinary knowledge.
(Balta et al., 2017; Mazur & Watkins, 2010; Ruder et al., 2020; Chapter 5 by Asala
in Keith-Le & Morgan, 2020).

Just in Time Teaching® is a two-step learning process in which students
do an assignment before class that the instructor evaluates in order to determine
how to spend class time. The just in time feedback right before class meets allows
the instructor to modify the lesson so that it provides information on the topics
students most need help to understand instead of preselected content. The idea
is that classes become more student centered and that students are encouraged
to take responsibility for learning outside of class (Novak et al., 1999).

Peer Instruction® is a technique in which conceptual questions are in-
termixed with instructor-led lecture. The conceptual questions are designed to
help student understanding and to address misconceptions. Polling is used as
students vote using a flash card or a clicker. The instructor checks to see how
many students answer correctly and guides another activity in which students try
to convince their neighbors that they have the right answer. Following peer discus-
sion, students are asked to do another poll. The lesson ends with the instructor
explaining detailed information about the correct answer (Crouch & Mazur, 2001;
Gong et al., 2023; Mazur, 1997).

aMore information about POGIL is available at https://pogil.org/

bMore information about Just in Time Teaching is available at hitps://www.vanderbilt.edu/
advanced-institute/#:~:text=Just%2Din%2DTime%20Teaching%20

“More information about peer instruction is available at https://mazur.harvard.edu/research-
areas/peer-instruction
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work can include pre-reading (Freeman et al., 2007) or preparatory videos
(Casper et al., 2019), and low-stakes knowledge tests. In-class deliberate
practice with deliberate group work and individual accountability, can be
implemented with peer instruction (Crouch & Mazur, 2001; Smith et al.,
2009) and audience response devices such as clickers (Kay & LeSage, 2009).
Practice exams provided throughout the term are equally effective and can
be graded by peers or by students themselves (Jackson et al., 2018). This
approach has been adopted in large, gateway STEM courses with positive
outcomes for students (Eddy & Hogan, 2014; Haak et al., 2011; Theobald
et al., 2020). Such courses improve student learning (Freeman et al., 2007)
and have a disproportionate benefit to students from minoritized groups

(Eddy & Hogan, 2014; Haak et al., 2011).

When designing tasks and activities for students it is important to
consider which students may or may not benefit from the choices that
are made. For active learning to be successful, equitable, and effective it
is important that the instructor carefully constructs inclusive assignments,
works to create an environment that is welcoming and inclusive, and em-
braces mistakes as part of the learning process (Dewsbury, 2020; White et
al., 2020). Some approaches to active learning and group work can cause
increased challenges for women; lesbian, gay, bisexual, transgender, queer/
questioning, intersex, asexual/aromantic/agender, plus other related identi-
ties; students with anxiety and/or depression; neurodiverse learners; stu-
dents with disabilities; and other underserved students (Araghi et al., 2023;
Cooper & Brownell, 2016; Cooper et al., 2018; Downing et al., 2020; Gin

et al., 2020).

Designing Group Work and Opportunities for
Collaboration and Cooperation

Group work and opportunities for collaboration are an integral part
of active learning. They also reflect Principle 3: Affective and social dimen-
sions. Intentionally designing interactive activities and assignments can
provide students with opportunities to learn from each other as they solve
problems, conduct investigations, and reflect on material presented in lec-
ture or texts. Social interactions can also have a positive effect on motiva-
tion when activities foster positive interdependence, and students are able
to support the work of others and contribute to a larger effort (Brame &
Biel, 2015). These activities can be short components integrated into a lec-
ture format or can serve as the predominant form of instruction. This kind
of positive interdependence can also occur across venues, such as courses,

living learning residences, workplaces, and in the community.
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Group work can take many forms (reviewed in Johnson et al., 1998).
For example, groups can be informal or formal (e.g., groups where students
turn to their neighbor to discuss vs. are assigned by the instructor), designed
to be heterogenous versus homogenous by ability (e.g., Donovan et al.,
2018), and permanent or transient during the course (e.g., Connell et al.,
2023). It is important to note that equitable experiences within these active
or cooperative strategies are not automatic. While social interactions can
have positive benefits, they also have the potential to be problematic when
instructors are not sensitive to power dynamics, racism, gender oppression,
and other related issues. When these issues manifest in the classroom in
problematic ways, they negatively affect underserved students. This issue
has been most studied in regard to gender (Dasgupta et al., 2014; Den-
nehy & Dasgupta, 2017). Careful attention to designing activities with
student attitudes, beliefs, and expectations about themselves, each other,
their instructors, and learning itself is necessary and can mitigate these is-
sues. Engaging students in co-creation of norms for classroom and group
behavior can be helpful. Instructors can get started by reflecting on their
own experiences and how they are similar to and different from those of
their students (these issues are discussed in more depth in the next major
section of this chapter). Professional learning and development can also be
helpful for instructors to work together to develop and practice strategies

(see Chapter 8 for more).

As mentioned above, when instructors ask students to work together,
they should consider the features of groups and design instruction to ensure
group members know how to work collaboratively (Johnson et al., 1998;
Theobald et al., 2017), keeping in mind that the ultimate goal is practicing
skills of the discipline vis-a-vis tasks that are enhanced with collaborative
efforts (Dyer et al., 2013). It is also important to ensure that all group mem-
bers are able to contribute by structuring activities in supportive ways and
ensuring that students are not excluded from full participation in groups
due to physical or sensory disabilities. Some students, especially those with
disabilities, may need information to be provided in advance to allow for
more processing time on expectations or to be ready to answer poll ques-
tions (Gin et al., 2020). Attending to composition of groups and assignment
of roles for group tasks is important for fostering environments where
students help each other solve problems by building on each other’s knowl-
edge, asking each other questions, and suggesting ideas that an individual
working alone might not have considered (Brown & Campione, 1994;
Dasgupta et al., 2014; Ramsey et al., 2013; Sekaquaptewa & Thompson,
2003). Box 5-2 describes an approach to group work and collaboration that

incorporates peer facilitators.
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BOX 5-2
Encouraging Collaboration Through Peer-Led Team Learning

STEM-Dawgs Workshops at the University of Washington utilized a sup-
plementary instruction (SI) model in an attempt to support students who are
from groups that historically are underrepresented in general chemistry courses.
Supplementary instruction means adding support to an existing course structure;
in this case the STEM-Dawgs workshop was designed as a “weekly, two-hour,
two-credit companion course for Chemistry 142, which is the first in the three-
quarter (year-long) general chemistry sequence for majors” (Stanich et al., 2018).

The workshop first started with individual quiz and group work, followed
by discussions on a pre-class writing exercise guided by the peer facilitators.
Students then worked again in small groups to answer chemistry questions that
are relevant to lecture and that required a range of thinking skills. The initiative
used the Peer-led Team Learning (PLTL) approach, including sessions designed
outside of the classroom with guidance provided by a peer leader. As an extension
of the PLTL SI, and in addition to peer-facilitated problem-solving, STEM-Dawgs
incorporate two components inspired by learning sciences: (a) research-based
study skills, and (b) evidence-based interventions targeting psychological and
emotional support. For example, before most workshops or at other specified
times, students completed evidence-based writing intervention that addressed
the barriers in stereotype threat, mindset, self-regulation, test anxiety, belonging,
value of learning, expectancy value, and post-exam metacognition.

This use of supplementary instruction was found to help increase course per-
formance and also other nonacademic outcomes such as sense of belonging for
underrepresented minorities, females, low-income students, and first-generation
students. Supportive peer-learning environment and relationships with peer facili-
tators partly contributed to the successes.

Group work of all kinds can also provide the instructor with an op-
portunity to interact with students to deepen relationships. An instructor
can circulate among groups to listen in on conversation or provide real-time
answers to questions. Group tasks and discussions also provide an informal
assessment opportunity as the students’ comments and questions can pro-
vide insight into sticking points or areas where students are struggling. (See
the section in this chapter on Assessing Learning and Providing Feedback
for additional discussion about assessment strategies.)

Help Students Build upon Their Knowledge and Lived Experiences

As articulated in Principle 2, students’ prior knowledge and previous
experiences set the foundation for new knowledge. Connecting to and
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leveraging students’ prior knowledge and interests can enhance their learn-
ing. This includes formal knowledge in the STEM disciplines gained from
previous schooling as well as students’ experiences outside of formal edu-
cational settings that are relevant to STEM learning. Many campus centers
for teaching and learning provide guidance for instructors on approaches
for activating this student knowledge (e.g., Virginia Tech,? University of
Texas, Austin?) as do the developers of the Universal Design for Learning
guidelines discussed in greater detail above.’

One example of facilitating use of prior knowledge from a previous
lecture involves posing a problem/question to the class at the beginning of
lecture or when discussing a case study. Various tools can be used to acti-
vate student knowledge and help them to see if it is relevant to the course
material (Bransford & Johnson, 1972; Brod, 2021; Hattan et al., 2024;
Simonsmeier et al., 2022). Instructors can also implement forecasting, in
which they provide a question/problem and ask students to make a predic-
tion or to hypothesize based on their knowledge or past lectures (Byrne et
al., 2010; Schwartz & Bransford, 1998). In other instances, understanding
students’ prior knowledge allows the instructor to help students reflect on
any alternative conceptions they may have (Fisher, 2004). There are many
strategies instructors can use to activate prior knowledge, including using
advanced graphic organizers, anticipation guides, problem solving with case
studies, opening questions, and power previewing (skimming text strategi-
cally before reading in detail; Center for Excellence in Teaching and Learn-
ing, n.d.). In addition, instructors can provide resources to all students by
posting supplemental materials or discussing options for obtaining support
from peers, tutors, or other campus offices (Vega & Meaders, 2023); such
resources may be especially helpful to those who do not have as strong a
background in the relevant content area. As the next paragraph discusses,
these types of strategies can help compensate for the variety of background
and experiences of the students who enter a course and potentially help
alleviate equity concerns.

Recognizing the diversity of experiences that students bring to the
learning environment, leveraging it, and making connections between stu-
dents’ everyday lives and STEM concepts and practices promotes more
equitable outcomes (Bayles & Morrell, 2018; Booker & Campbell-Whatley,
2018). Students enter courses with knowledge from previous educational
and life experiences. One way of conceptualizing this is the concept of funds

3 More information about guidance for instructors at Virginia Tech is available at https:/
teaching.vt.edu/teachingresources/adjustinginstruction/priorknowledge.html

4 More information about guidance for instructors at the University of Texas, Austin, is
available at https://ctl.utexas.edu/prior-knowledge

3 https://udlguidelines.cast.org/representation/building-knowledge/prior-knowledge/
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of knowledge, which encompasses the cultural, familial, and household
experiences/knowledge/skills that students bring, and which can be lever-
aged to enhance their abilities to understand academic knowledge relevant
to their coursework (Gonzdlez et al., 2005). Textbooks rarely provide
these kinds of connections, but instructors can supplement the content of
the texts (Meuler et al., 2023). In some studies, instructors provided op-
portunities for students to draw on the knowledge and skills they have
developed within their communities and families, e.g., their existing funds
of knowledge (Gonzalez et al., 2005; Moll, 2019; Moll et al., 1992). An-
other way to connect students’ STEM learning to their experiences outside
of the classroom is to provide opportunities for students to choose to study
topics that are of personal or cultural relevance (Barnes & Brownell, 2017;
Black et al., 2022; Dasgupta, 2023). Showing how science and engineer-
ing are socially relevant is also a strategy for connecting with students’
interests and has the potential to engage more diverse learners (Dasgupta,
2023). When instructors recognize that students can benefit from drawing
on their families, cultural assets, and communities to which they belong,
the instructors are better positioned to support deep and critical engage-
ment of students with STEM content in their courses and classrooms (Bang
& Medin, 2010; Bang et al., 2010; Covarrubias et al., 2019; Fryberg &
Markus, 2007; Solyom et al., 2019). (See Chapter 4’s discussion of Principle
2 for additional strategies and approaches that leverage students’ cultural

knowledge and experiences.)

Deepening Engagement in Disciplinary Knowledge and Work

As discussed above and in Chapter 4, active engagement in disciplin-
ary content is critical for student learning. Several approaches can support
this type of learning in and outside of class. The specific approaches may
vary for foundational STEM courses versus the often-smaller upper-level
courses. In large, high-structure courses pre-class preparatory assignments
can be combined with in-class active learning activities such as think-pair-
share, polling, and student surveys (Eddy & Hogan, 2014; Freeman et al.,
2014; Haak et al., 2011; Theobald et al., 2020). In order for active learn-
ing to be equitable and effective it needs to be carefully designed to ensure
that all students have the opportunity to participate and be successful and
instructors may need support from their academic units or institutions to
provide access to learning spaces that are well suited to approaches such as
group work® or to additional teaching assistants or undergraduate learning

¢ As an example, see additional information about the SCALE-UP model of arranging
classrooms for active learning is available at https://www.physport.org/methods/Section.

cfm?G=SCALE_UP&S=What
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assistants who can provide the workforce to support the implementation of
the approaches (Dewsbury, 2020; Talbot et al., 2015; White et al., 2020).
While discipline-based active learning experiences in the classroom
can advance students’ learning, students also benefit from opportunities to
deepen their engagement in a discipline through participation in research
(Malachowski et al., 2024; National Academies of Sciences, Engineering,
and Medicine, 2017b). Undergraduate research is often cited as an in-
valuable learning experience for students across all disciplines, even those
outside of the STEM field. For example, the High Impact Practices work
done by the American Association of Colleges and Universities includes
undergraduate research in their list of approaches based on evidence that
can provide educational benefits for students.” In STEM, engaging in un-
dergraduate research has been shown to benefit diverse students from
marginalized populations (Barlow & Villarejo, 2004; Chang et al., 2014;
Harsh et al., 2012; Jones et al., 2010; Thiry & Laursen, 2011). Box 5-3
describes reported benefits of a program, Building Infrastructure Learning
to Diversity: Promoting Opportunities for Diversity in Education Research
(BUILD PODER), for supporting undergraduate research in the sciences
that involves partnership between community colleges and a university.
BUILD PODERS® is designed to build power, change campus culture, and
nurture research mentoring relationships as it “helps students understand
institutional policies and practices that may prevent them from persisting
in higher education, learn to become their own advocates, and successfully
confront social barriers and instances of inequities and discrimination
(Saetermoe et al., 2017, p. 42). Undergraduate research has been used as
a tool for teaching and also a tool for transformation of learning experi-
ences and curriculum. A longitudinal study to explore the role of under-
graduate research in changes to institutional culture and student learning is
documented in the book Transforming Academic Culture and Curriculum:
Integrating and Scaffolding Research Throughout Undergraduate Educa-
tion, which presents guides and toolkits designed to inform change agents

(Malachowski et al., 2024).

Course-Based Undergraduate Research Experiences (CUREs)

CURE:s offer students the chance to engage in authentic hands-on in-
quiry as a part of their normal coursework. It has been proposed as a way
to expose more students to research as opportunities to work in laborato-
ries are not available to everyone. Students enrolled in classes with CUREs

7 More information about the AAC&U’s High Impact Practices is available at https:/www.

aacu.org/trending-topics/high-impact
8 https://www.csun.edu/build-poder
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BOX 5-3
Building Infrastructure Leading to Diversity: Promoting
Opportunities for Diversity in Education and Research

This undergraduate research initiative involved 81 community college stu-
dents and 41 community college faculty mentors working with California State
University, Northridge (CSUN) so that the students could engage in research in
STEM and biomedical disciplines. The program Building Infrastructure Leading
to Diversity: Promoting Opportunities for Diversity in Education and Research
(BUILD PODER) shared some of the benefits of the program reported by the
students:

1. Gaining lab experience: A student reported their research experience
gained through a summer laboratory experience has been essential in
shaping and developing their science identity.

2. Applying academic skills to real-world settings: A student reported through
studying the impact of chemicals on plant growth, they learned important
research skills such as operating scanning electron microscopes, mak-
ing posters, and presenting scientific research at conferences.

3. Learning the research process: A student reported enjoying working in
the lab and reading research literature, which promoted their interest in
biology.

4. Building networking and support system: A student reported that being
an undergraduate researcher provided opportunities to meet others and
get needed support for transition from a community college to a bac-
calaureate institution.

5. Developing collaboration skills and preparing future professionals: Stu-
dents reported summer research experience improved collaborative
skills and that mentorship helped inform educational and career paths.

This example demonstrates that baccalaureate-granting universities and
community colleges have the capacity to foster interest in undergraduate research
(Ashcroft et al., 2021). Additional research studies about the program can be found
at https://www.csun.edu/build-poder/build-poder-publications-and-presentations.

learn about the scientific practices and generate new knowledge within
their discipline. Over the past few years, CUREs have been used as a tool
to improve undergraduate STEM classes while engaging a larger number
of students in disciplinary practices (e.g., Werth et al., 2022). These courses
have been linked to significantly positive outcomes among the students who
participate, including higher levels of career achievement, higher levels of
retention in class, in the major, and in college, and deeper comprehension
of class material (Fitzsimmons et al., 1990; Hanauer et al., 2016; Lopatto,
2003; Mogk, 1993; Tomovic, 1994; Zydney et al., 2002). These courses
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also increase access to research experiences for students who may not be
aware that these skills are needed to advance in some areas (Bangera &
Brownell, 2014).

CUREs can be found at various institutions across the country, al-
though they are more readily supported at doctoral-granting institutions
(Wei & Woodin, 2011). Historicallyy, CUREs have been predominantly
implemented in upper-level classes. However, in recent years, instructors of
large, highly enrolled introductory courses and those at community colleges
have begun adopting these practices (Cruz et al., 2020; Sexton & Sharma,
2021; Tomasik et al., 2013; Tuthill & Berestecky, 2017). A major benefit
of these efforts is that many students are exposed to the benefits of CUREs
as a part of their general education curriculum. In addition to learning
valuable STEM skills, students who partake in research report increased
confidence, communication, creativity, and collaborative skills (Ahmad &
Al-Thani, 2022; National Academies, 2017; Starr et al., 2020). Importantly,
they also claim to have a more personal connection to their area of inter-
est. One study found that CUREs students at a Hispanic Serving Institution
had significantly higher overall grades in a lecture course directly related to
the CURE even after statistically adjusting for demographic and academic
characteristics (Ing et al., 2021).

During the COVID-19 pandemic, several instructors and programs had
to shift their research agenda to an online learning environment. In doing
s0, colleges nationwide began to explore alternatives to in-person labs and
projects. Though there were concerns about students’ long-term transfer-
able skills, studies indicate that students who participate in online research
experience still show positive outcomes, such as higher levels in self-efficacy
and retention in STEM programs (Erickson et al., 2022; Hess et al., 2023).
CUREs are therefore a feasible approach for multiple class modalities (in-
person, online, or hybrid).

Field Experiences

Engaging students in making observations and collecting data in the
field is a hallmark of some STEM disciplines, including the geosciences (ge-
ology, environmental science, and marine sciences) and ecology (O’Connell
et al.,2021). Field experiences can provide an opportunity for authentic in-
vestigation, in addition to offering a multitude of cognitive, affective, social,
and professional benefits. The Undergraduate Field Experiences Research
Network (UFERN) developed a model for designing and conducting field
experiences that builds on an extensive literature review (O’Connell et al.,
2022). As with any activity where learning is the goal, the UFERN model
starts with setting intended student outcomes, then incorporates student

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/28268?s=z1120

Transforming Undergraduate STEM Education: Supporting Equitable and Effective Teaching

108 TRANSFORMING UNDERGRADUATE STEM EDUCATION

context factors (e.g., prior knowledge and skills, worldview, identity) and
design factors (e.g., timing, orientation, social interactions, choice and con-
trol) to create a field experience that supports learning and accommodates
all students. The student context and design factors reflect the Principles
for Equitable and Effective Teaching and are important whether the field
experience is a few hours long or a few weeks.

Virtual field experiences have become more common, in part because
of the COVID-19 pandemic, and provide a technology-supported means for
broadening access to the field. Recent research suggests that cognitive gains
in virtual field experiences can be similar to those seen in real field experi-
ences (e.g., Markowitz et al., 2018; Mead et al., 2019) and can overcome
some of the commonly seen gender and race/ethnicity gaps experienced in
in-person field experiences (Bitting et al., 2018). However, even as students
and instructors hold negative perceptions of the virtual field experience
(Bond et al., 2022) and report preferring in-person field experiences (Rader
et al., 2021), these promising results provide support for the use of virtual
field experiences when an in-person field experience is inaccessible for any
reason.

Assessing Learning and Providing Feedback

Designing for learning requires monitoring whether and what students
are learning. When assessments are designed to document progress toward
carefully chosen learning outcomes, they can provide insights for both the
student and instructor on how to improve. Assessment is a major compo-
nent of Principle 5: Multiple forms of data. Assessment practices are a key
strategy for supporting and advancing students’ progress, so it is essential to
reflect on and modify these practices with the principles in mind to ensure
that they are being applied in productive and supportive ways (Walvoord
& Anderson, 2010).

As described in Chapter 4, assessments can be divided into two major
types: (a) formative assessment which focuses on eliciting student thinking
and gathering information that allows the instructor to adapt to student
needs and (b) summative assessments that document how students have
progressed in their learning and are often used to determine students’
grades. Summative assessments might also be used to evaluate the effec-
tiveness of a course—that is, to determine whether the structure of the
course and the tasks and activities for students have successfully advanced
students’ learning.

Providing a variety of low-stakes opportunities for students to engage
with course content, such as through reflection assignments, breaking large
projects into multiple components, peer review of early drafts, or short
quizzes, can help students make connections and understand concepts
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without provoking as much anxiety as midterms and final exams. Frequent
assessments can enhance retention of the concepts being covered in class
and decrease the weights of each assignment. Including different types of
assignments within a course allows students the opportunity to demonstrate
their understanding in the formats that might work best for them. These
strategies also provide multiple opportunities for feedback so that students
and instructors can adapt their approaches during the course (Brame &

Biel, 2015; Halamish & Bjork, 2011; Murphy et al., 2024).

Lower-stakes assessments may include laboratory work and reports,
written assignments, weekly quizzes, homework, and small-value quiz-
zes, etc. A discipline-based education research study by Cotner and Ballen
(2017) describes an example of biology courses in which mixed assessments
(not just high-stakes exams) were used and their positive impacts on female-
identifying students. The study evaluated gender-based performance trends
in nine high-enrollment introductory biology courses in Fall 2016. Course
sizes ranged from 90 to 239 students. Grades were categorized as combined
grades on midterms and finals, non-exam assessments, and a combination
of exam grade and non-exam grade. The study verified that mixed assess-
ment combining different approaches, such as group participation, low-
stakes quizzes and assignments, and in-class activities, can minimize the
impact of high-stakes exams for underrepresented groups in STEM.

Instructors can also provide varied types of assessments (both formative
and summative) within a course or holistically in courses within the degree
plan. Types of assessments can include individual/team projects, oral/poster
presentations, collaborative group worksheets, individual/team videos along
with exams and homework. Assessments may also be designed to build skills
such as communication, teamwork, and leadership. Finally, instructors can
allow for flexibility in having students show progress in their understanding
by allowing students to submit multiple drafts or resubmit corrected work.
This kind of flexibility reflects Principle 6: Flexibility and responsiveness.
This is important for courses such as mathematical proof writing where
students are introduced to putting their ideas and mathematics into writing

and as such is different from previous computational courses.

Feedback and Messages About Assessments

How an instructor communicates about both the purposes of assess-
ments and what the results of an assessment mean can have a strong impact
on students’ perceptions of themselves, of the course, and of the discipline.
Studies have shown that students’ perceptions of their instructors are pre-
dictive of engagement and performance (Canning et al., 2024; Muenks et

al., 2024).

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/28268?s=z1120

Transforming Undergraduate STEM Education: Supporting Equitable and Effective Teaching

110 TRANSFORMING UNDERGRADUATE STEM EDUCATION

Messages about whether students’ success depends on innate ability (a
fixed mindset) or depends on effort and learning (a growth mindset) have
been shown to have particular importance for students’ motivation and
performance (Canning et al., 2024; Muenks et al., 2020, 2024). Researchers
have identified teaching behaviors that can foster and communicate to stu-
dents that intelligence and ability are qualities they can develop through ef-
fort, good strategies, and seeking help when stuck (Kroeper et al., 2022a,b).
Kroeper et al. identified four categories of teaching behaviors that influence
whether students infer that an instructor has a growth mindset about their
abilities. Two of these are particularly relevant to assessments. Students
perceive instructors as having a growth mindset when

e instructors provide many opportunities for practice and provide
frequent feedback to students; and

e instructors respond to students’ poor performance, struggles with
learning, or confusion by providing support, suggesting strategies,
and offering additional opportunities for improvement (rather than
with frustration or implying that the student cannot improve).

Designing assessments that are clearly aligned to the stated learning
goals for a course and then communicating the goals and expectations to
students is critical. This information can be communicated in the course
syllabus (see discussion of the syllabus later in this chapter) and in the
descriptions of individual assignments. For example, assignments can lay
out both the goal or purpose of the assignment and the specific criteria
the student needs to include in their response (e.g., as a rubric or a list of
points to address). Jonsson and Svingby (2007, p. 130) explain that “the
reliable scoring of performance assessments can be enhanced by the use of
rubrics” and that “rubrics seem to have the potential of promoting learning
and/or improve instruction,” given that rubrics make grading criteria more
explicit. Some research shows that transparency in teaching can increase
students’ ability to persist in college and that this impact specifically helps
first-generation college students (Winkelmes et al., 2019). This kind of clar-
ity and transparency reflects Principle 7: Intentionality and transparency.

Grading Practices

Traditional grading methods typically involve returning a grade or a
graded assignment to students (with no or minimal feedback) and continu-
ing on with the next lecture with little or no means to allow students to
reassess or improve their understanding of assessed learning objectives. It
can be helpful for instructors to reflect on their goals for providing student
feedback and how that interacts with their approach to grading (Winstone
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& Boud, 2020). There are many alternative approaches to grading that can
be adopted in whole or in part to increase the feedback that students and
instructors have about learning. Alternative grading methods (including
specifications-based grading, standards-based grading, mastery-based grad-
ing, and ungrading, among others) are student centered and focus on using
learning objectives to permit students to assess their performance in order
to improve their understanding and meet the learning objectives (Blum,
2020; Clark & Talbert, 2023; Ferns et al., 2021; Hackerson et al., 2024;
Stommel, 2024; Toledo & Dubias, 2017). Alternative grading methods may
also help students adopt more of a growth mindset about their skills and
abilities (Blum, 2020; Dweck, 2006; Ferns et al., 2021; Stommel, 2024).

Clark and Talbert (2023) discuss the four pillars of alternative grading
(clearly defined standards, helpful feedback, grades indicate progress, and
re-attempts without penalty), and provide distinctions on various types of
alternative grading methods that can be implemented in small-sized and
large-sized classes. Mastery-based grading (also called mastery-based testing
or MBT) focuses on the student learning process and measuring student un-
derstanding of clearly defined learning goals, it has been promoted as a way
to improve equity (Alex, 2022; Livers et al., 2024; Perez & Verdin, 2022;
Winget & Persky, 2012). Several studies have examined MBT in undergrad-
uate mathematics courses and some preliminary results suggest it may be
helpful for decreasing student anxiety and supporting learning (Campbell et
al., 2020; Curley & Downey, 2024; Dempsey & Huber, 2020; Harsy et al.,
2021; Lewis, 2020). Specifications grading sets out pre-determined criteria
that a student knows in advance and works to meet by completing assign-
ments. Graves (2023) provides a brief literature review of implementations
of specifications grading in various courses in different disciplines. Katzman
et al. (2021) report more positive student attitudes and improved perfor-
mance on content-related assessment questions in an undergraduate cell
biology course using specifications grading. Alternative grading approaches
have been explored in chemistry courses as well (Diegelman-Parente, 2011;
Noell et al., 2023). These grading approaches have also been reported to
motivate students to learn, discourage cheating, give students agency over
their own grades, minimize conflicts between student and faculty on grade
disagreements, and foster higher-order cognitive development and creativity
(Clark & Talbert 2023; Nilson, 2015).

Technology to Support Monitoring of Student Learning

Using technological tools to track real-time data about students can
allow instructors to monitor student status and progress through an on-
line interface that displays learning analytics. Instead of traditional grades
from summative assessments, robust dashboards can provide real-time
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information not only on assessment outcomes but also on course activity
and other measures of student engagement (Psaromiligkos et al., 2011;
Rabelo et al., 2024; Sdiz-Manzanares et al., 2021). For example, an in-
structor might monitor or track student engagement (e.g., which students
watch a particular video) to allow them to follow up with those who did
not. These dashboards provide data directly from students and so may help
minimize potential implicit bias effects in faculty (Arnold & Pistilli, 2012).
The data can also be used by instructors to look at specific student use and
assignment outcomes based on student demographic data (see examples of
visualizations from data dashboards in Chapter 8). These learning manage-
ment systems also provide student access, which may provide students with

information on their own use relative to the rest of the class.

Technology coupled with learning science has been proposed as a tool
that could lead to adaptive learning activities and courseware that might
have the potential to improve access and equity by providing personal-
ized learning experiences for students (Gordon et al., 2024). While many
examples of courseware have been developed and studies have begun, the
promise of the technology has not been conclusively established. A joint
project involving four institutions that are members of the Association of
Public and Land Grant Universities examined student and faculty perspec-
tives on using adaptive courseware for undergraduate biology courses for
non-majors. Results showed some positive impacts on student pass rates
and some concerns about aspects of implementation related to both techni-
cal challenges and navigating unfamiliar ways of receiving feedback (Bu-
chan et al., 2020; O’Sullivan et al., 2020). Courseware has the potential to
include both formative and summative assessments as well as professional
learning supports for instructors. The idea is that the approach can pinpoint
areas where students are experiencing additional challenges and help guide
the instructor in adapting their lessons to support students who may benefit
from additional activities or from engaging with the material in a different
way. Carnegie Mellon University’s Open Learning Initiative’ has been col-
lecting and interpreting data over time with a goal of improving learning
efficiency and overall outcomes mediated both by software-driven support
directly to the student as well as faculty evidence-based interventions based

on student learning outcome analyses (Bier et al., 2019, 2023).

9 More information about Carnegie Mellon University’s Open Learning Initiative is available

at https://oli.cmu.edu/
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CULTIVATING AN EQUITABLE AND
EFFECTIVE LEARNING ENVIRONMENT

Students’ learning and motivation are strongly influenced by many ele-
ments of course design that come together to shape students’ experiences in
a classroom or other learning setting. Indeed, the structure and situational
cues in a learning environment—such as what an instructor says and does
while teaching and/or the numerical representation of students in the class-
room—impact students’ attention and their ability to marshal the cogni-
tive and affective resources to engage in the processes essential to learning
including encoding, storage, and retrieval of information (e.g., Cohen et
al.,1999; Murphy & Taylor, 2012; Murphy et al., 2007; Steele et al., 2002).

In the first part of this chapter, we touched on many of the elements
of classroom instruction and organization that shape students’ experience
including tasks and activities, group work, and assessments. In this section,
we turn to other elements of course design that are critical for creating a
productive learning environment including the relationships between the
instructor and the students, relationships among the students themselves,
the cues students receive in the classroom about their own competence and
belonging, and students’ opportunities for autonomy and choice. These
latter elements are related to Principle 3: Affective and social dimensions,
Principle 4: Identity and a sense of belonging, and Principle 6: Flexibility
and responsiveness. In thinking about how to create a productive learning
environment, instructors can use this set of three Principles to reflect on
how to implement the many elements described in the first section: tasks
and activities for students, organization of group work, engagement in
research, and use of assessment. In this way, the Principles are helpful for
thinking about both what students should be doing in the classroom and
how instruction and interactions can be organized to help students feel
supported and valued.

Students’ perception of and relationship with the instructor is par-
ticularly consequential for student learning and motivation. In one study,
students in STEM courses and majors identified qualities they valued most
in their instructors: a genuine desire for students to succeed, and authentic
displays of respect and encouragement (Harper et al., 2019). Research also
indicates that students experience greater self-efficacy, sense of belonging,
and academic achievement when instructors show care and respect for all
students (Christe, 2013; Micari & Pazos, 2012). Effective and equitable
teaching is grounded in the approach of mutual respect. Instructors can
focus on establishing that respectful culture in order to foster their primary
goal of supporting student learning.

One way for instructors to approach how to create a productive learn-
ing environment is to consider the students’ point of view and reflect on the
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planned approach and its implications for equity and student learning. This
can involve many aspects of course preparation. Reconsidering the syllabus
in light of effective and equitable teaching can make it a more useful tool;
reviewing choices of instructional resources can lead to materials that are
more effective and more equitable; and taking a new approach to getting
to know students can help the instructor to make the course more student
centered.

Reflecting on Your Own Assumptions

Instructors’ knowledge and beliefs about their students influence their
teaching and their students’ learning. There are multiple frameworks that
can help an instructor understand how they perceive students’ identities
and experiences (Shukla et al., 2022). A commonly used framing to de-
scribe an instructor’s beliefs is categorizing them as deficit- or asset-based
perspectives. A deficit-based perspective is one in which the tendency is
“to locate the source of academic problems in deficiencies within students,
their families, their communities, or their membership in social categories
(such as race and gender)” (Peck, 2020, p. 940). Adopting an asset-based
perspective means focusing on the knowledge and skills students have when
they arrive in a course and seeing them as important assets to build on,
even when that knowledge and experience may not align with educational
norms. Through an asset lens, students are seen as bringing rich, diverse
backgrounds and experiences with them into their undergraduate STEM
classes that can serve as launch points for discussions and opportunities to
apply STEM methods to questions of interest (Jaimes, 2021; Johnson, &
Bozeman, 2012; Williams, 2021).

Beliefs about learning itself and about learning in a particular discipline
are also important for instructors to surface. This can involve instructors re-
flecting on the mindset that guides their instructional practices. As discussed
in Chapter 4, numerous studies have explored the differences between fixed
mindsets and growth mindsets and the impact they can have on learning
(Canning et al., 2019, 2022, 2024; Hecht et al., 2023; Muenks et al., 2020).
A growth mindset is the belief that intelligence and abilities can be devel-
oped through practice and hard work. In contrast, a fixed mindset is the
belief that intelligence is fixed (Dweck, 2006).

This mindset—whether fixed or growth—can profoundly impact an
instructor’s instructional practices and, in turn, students’ experience of
learning. The mindset beliefs that instructors hold about students’ abilities
and how these beliefs are communicated through their teaching practices
can be predictive of students’ experiences and success (Canning et al., 2019,
2022; Kroeper et al., 2022a,b; Muenks et al., 2020). When instructors hold
fixed-mindset beliefs about their students (e.g., that their students’ abilities
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and intelligence cannot change), students become more psychologically
vulnerable, more likely to experience imposter syndrome, have negative
experiences, and receive lower grades. The impact of these effects is dispro-
portionally greater for underserved students; that is, STEM faculty who
believe ability is fixed experience larger racial achievement gaps (Canning et
al., 2019; Muenks et al., 2020). In contrast, holding growth-mindset beliefs
about students and engaging in growth-minded teaching practices has a
positive impact on student motivation, participation, and grades (Canning
et al., 2024; Muenks et al., 2024; Murphy, 2024). Students also bring dif-
ferent mindsets to the course, including the beliefs they hold about learning
and their perceptions of the beliefs their instructors hold. As discussed in
Principle 3: Affective and social dimensions, feedback from instructors, the
design of activities, and grading practices of instructors can impact student
mindsets; when instructors are aware of their own assumptions and reflect
on the mindsets of their students they are better able to offer equitable and
effective instruction.

Getting to Know Students

Getting to know students is an essential part of an instructor’s work
in teaching and learning, given the important roles of social and affective
dimensions (Principle 3: Affective and social dimensions). Understanding
their students’ interests and goals, prior knowledge, experiences, and needs
will help instructors create an inclusive classroom environment and design
or refine their class activities to create more effective learning experiences
by connecting to and leveraging students’ identity, sense of belonging, in-
terests, and goals.

In many college classrooms, students come from a range of backgrounds
and life experiences which may be very different from the background and
experiences of the instructor. The reality is that as the diversity of students
in higher education increases (see Chapter 2), so does the variation of stu-
dents’ prior knowledge and experience. Qualitative and quantitative data
can help instructors get to know their students. Descriptive data, such as
surveys or questionnaires, can be used to ask students about their experi-
ences and potential challenges that they may face academically and per-
sonally. Instructors can use surveys to learn about students’ backgrounds,
characteristics, interests, previous experiences, and any other pieces of in-
formation that can assist in the learning process. One example is the PERTS
Ascend survey and accompanying tools.!? This system collects real-time
information about how students are experiencing a course and provides
the feedback to instructors to allow them to adjust their instruction and is

10 More information about the PERTS Ascend survey is available at www.perts.net/ascend
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based on research from the Student Experience Project (SEP) and Equity
Accelerator!! (Boucher et al., 2021).

Instructors can use disaggregated data about the students they teach
coupled with surveys to gain access to information about their students, such
as majors, experience with campus, first-generation status, work and family
responsibilities outside of school, performance in prerequisite classes, and
more, useful to instruction and course design. This can helpfully broaden
the instructors’ perspective on who is in their classroom. Public universi-
ties in California (University of California, Davis, University of California,
Irvine, University of California, Santa Barbara, California State University
system), Michigan, and Nebraska, among others, have piloted such “Know
Your Students” approaches, often coupled with suggestions and materials
for faculty to support their students from varied backgrounds. Some of
the Know Your Students tools specifically highlight key metrics based on
factors such as course grade and completion, bringing in data from all the
times an instructor has taught a specific course while putting it in context
of course instances and student factors. Most importantly these tools have
specifically been designed to support individual faculty reflection on their
teaching approaches and student outcomes, not as judgment of teaching
effectiveness. The data shared are often only accessible to the individual
faculty, further solidifying the non-judgmental focus of the approach. These
more robust data gathering approaches may require support from depart-
ments or institutions and may be challenging for some instructors to imple-
ment. Other more accessible approaches to getting to know students are
described in the sections below.

Chapter 8 further discusses ways that data of this sort can be used to
inform continuous improvement on the instructor, academic unit, or institu-
tion level, and Chapter 9 gives more information on how institutions can
support instructors to learn about their students and how the institutions
can use data to improve policies and procedures.

Before Classes Begin

Prior to the first day of class, instructors can start the process of getting
to know their students by reviewing any campus-provided data and intro-
ducing a pre-course survey. This survey can come in many forms, such as
an online assessment or quiz, a paper questionnaire, or a private discussion
post in the course’s learning management system. Instructors can determine

1 More information about the Indiana University Equity Accelerator and its connection to
SEP is available at https://accelerateequity.org/resource/case-study-student-experience-project/
and more information about the SEP is available at https://s45004.pcdn.co/wp-content/
uploads/Increasing-Equity-in-Student-Experience-Findings-from-a-National-Collaborative.pdf
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what students already know or can do through low-stakes assessments,
such as assignments that give students the opportunity to bridge their pre-
knowledge and skills with what they will learn in a course (Ghanat et al.,
2016; Landrum & Mullock, 2007; van Barneveld & DeWaard, 2021). As
discussed above in the section “Help Students Build upon Their Knowledge
and Lived Experiences,” there are many strategies that can build on stu-
dents’ culture and prior experience. These tools can help instructors learn
about who their students are, their goals for the course, and their learning
needs. Pre-course surveys might include

e A demographic questionnaire with guided questions. The prompts
are written to help the instructor get a better sense of the student’s
background and create a space for the student to share important
information that they want their instructor to know. This can be
a physical handout for an in-person class or an online activity for
a large online class. Prompts can be as broad as “What should I
know about you that would help me help you learn better?” or
as specific as “What do you prefer to be called? What are your
pronouns?”

e Questions about students’ goals for the course or their learning
preferences: “What do you want to get out of this course?” or
“How do you learn best?” This can be done anonymously to en-
courage honest answers, and it can be incorporated into the first
day of class.

Ultimately, the goal is for the instructor to gain a better understanding
of who their students are and practice recognizing differences among our
students. “Equitable practice and policies are designed to accommodate dif-
ferences in the contexts of student’s learning—not to treat all students the
same” (Center for Urban Education, Rossier School of Education, 2015, p.
1). The information gathered from pre-course surveys can help the instruc-
tor build connections with students and consider how to better support
students during the course.

Engaging with Students in and out of Class

Instructors can learn a great deal about their students just by talking
to them. Principle 2: Leveraging diverse interests, goals, knowledge, and
experiences, emphasizes the importance of developing connections with stu-
dents. Students who have a working relationship with their instructors are
more likely to be successful in class (Bolkan & Goodboy, 2009; Hagenauer
& Volet, 2014). This relationship is especially crucial in higher-level classes
in STEM (Micari & Pazos, 2012), and in more career-oriented programs
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such as nursing (Al-Hussami et al., 2011). Using active learning strategies
and engaging students in group work can open up additional opportuni-
ties for instructors to engage with students informally during class time
by circulating and listening in as students work on tasks and participate
in small group discussions. Normalizing help-seeking behavior can change
students’ attitudes about their learning and improve their experiences with
STEM courses (Oh, 2020; Won & Chang, 2024).

Office hours provide opportunities for instructors to provide help and
to interact with their students as they discuss course material or other re-
lated interests in a less formal setting outside of class. Many students do
not take advantage of professor office hours, sometimes because they are
not familiar with the concept of office hours or are not sure if their pres-
ence would be welcomed. An important step in getting students to come
to the office hours is to define the purpose of office hours—emphasizing
that office hours are there to serve the students. These time blocks act as
an extra opportunity for students to engage with professors outside of the
main learning environment and can provide a venue for reflection on the
course material. One way to make office hours more useful is to improve
accessibility, and instructors can try to find creative ways to get students to
reduce barriers to attendance. They might hold office hours in a laboratory,
at the bookstore or coffee shop, or as a group meetup in a campus lounge
(Gao et al., 2022; Guerrero & Rod, 2013; Stephens-Martinez & Railling,
2019). For professors in an online class, office hours typically tend to be
held virtually. These too can be tailored to bring more students in. Virtual
office hours can offer sessions that go over a fun weekly concept (e.g.,
review a new article relevant to something that was discussed in class or
present a case study for participants to analyze).

A simple change from the name office hours to “student hours” can also
help to emphasize who this time is for, and movement has begun to rename
and re-envision office hours in this way, so as to better demonstrate their
purpose to students (Benaduce & Brinn, 2024; Cafferty, 2021; Mowreader,
2023). It is important to acknowledge that some institutions may not re-
quire all faculty to conduct regular office hours or may not compensate
them for this time. For instance, part-time or adjunct professors may only
be required to teach their class during the assigned hours. Academic units
and institutions may consider compensating part-time or adjunct faculty
for the work they do outside of class, and that work should include office
hours.

Midterm Check-ins

Check-ins can help to catch students who are at risk before too much
time passes. A midterm check-in—perhaps using the learning management
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system with all students or asking a colleague to conduct a small-group
evaluation—can help assess what is working and not working. Check-ins,
whether midterm or at other times, can be valuable resources to both stu-
dents and instructors. For students, these check-ins give them an active role
in the learning environment. Furthermore, students who may be unaware
of their low performance are given the opportunity to turn their grade
around before the term is over (Overall & Marsh, 1979). For instructors,
check-ins can guide course adjustments to meet students’ interests and
needs. Incorporating student feedback as a part of the curriculum also em-
powers students to have a voice and leads to continuous improvement in
teaching (Diamond, 2004). Some data suggest that students who identify as
first-generation, low-income, and/or underrepresented minoritized college
students may benefit from this practice (Kitchen et al., 2020). Educators
who implement midterm check-ins create opportunities to address hidden
concerns that may be affecting students’ learning (Bullock, 2003). Addition-
ally, instructors who use check-ins report receiving more positive course
evaluations at the end of the term (Keutzer, 1993). Note that check-ins also
provide an opportunity to build relationships between the instructor and
students. The importance of the instructor-student relationship is discussed
in other sections of the chapter and relates to Principle 3: Affective and

social dimensions.

Creating a Sense of Community and Belonging

As described in Chapter 4 in the section on Principle 4: Identity and a
sense of belonging, sense of belonging refers to a student’s personal relation-
ships in a given environment and their feelings about being accepted, val-
ued, included, and encouraged (Betz et al., 2021; Espinosa, 2011; Newell &
Ulrich, 2022; White et al., 2020). Belonging influences academic motivation,
academic achievement, and well-being in students, and has been shown to
influence student retention and persistence (Cavanagh et al., 2018; Eddy
et al., 2015; Hansen et al., 2023; Ream et al., 2014; Steele, 1997; Steele et
al., 2002; Strayhorn, 2018; Trujillo & Tanner, 2014). Instructors can cre-
ate opportunities for faculty-student and student-student engagements to
build interpersonal relationships through class discussions and class group
work. To build on students’ disciplinary identity in classes, instructors can
introduce contributions made by diverse groups of STEM professionals that
reflect the demographics of students in the class, along with providing a
class environment where students can talk and discuss STEM concepts. In-
structors can also provide students with opportunities to share their reasons
or personal interests for majoring in STEM especially during beginning-of-

the-year class introductions.
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Research in multiple disciplines shows that interventions designed to
enhance students’ sense of belonging can be powerful. Rainey et al. (2018)
found four key factors to contribute to a sense of belonging for students
(independent of race or gender): interpersonal relationships, perceived com-
petence, personal interest, and science identity. The classroom climate has
been shown to be a critical factor in computing disciplines, where students
“are exposed to the skills and knowledge, knowledge presentation, and
expectations about the kinds of people who belong (or not) in a degree
program” (Barker et al., 2014, p. 2). Changing student contexts, such as
by increasing cross-gender interactions in class and other approaches that
challenge identity-based stereotypes, can improve feelings of belonging and
student performance (Binning et al., 2020, 2024). Like normalizing help-
seeking behavior as discussed above in the section on getting to know stu-
dents, short interventions can let students know that it is normal, common,
and usually temporary to have social and academic setbacks and challenges
as they transition to college and can help them realize that challenges do
not mean they should leave the field of STEM or their pursuit of higher
education (LaCosse et al., 2020; Walton et al., 2023).

Instructors can also incorporate a sense of belonging and foster com-
munity building in class by implementing the use of undergraduate learning
assistants (LAs) whose role is to assist students during class or discussion.
Clements et al. found that incorporating LAs in a large introductory biology
class promoted a “sense of belonging in science, technology, engineering,
and mathematics (STEM) by decreasing feelings of isolation, serving as
inspirational role models, clarifying progression through the STEM edu-
cational system, and helping students become more engaged and confident
in their STEM-related knowledge and skills” (Clements et al., 2022, p. 1).
Other studies also show increased belonging when courses use undergradu-
ate LAs (Clements et al., 2022).

Highlighting communal values and goals can also affirm students’
identities and increase their motivations through assignments that show
students how STEM can help them achieve not just their agentic (personal/
individual) values (e.g., Harackiewicz et al., 2016), but also their commu-
nal values (to help others/their community; Fuesting et al., 2017). Embed-
ding specific practices, such as values-affirmation exercises in assignments
or class activities, has also been shown to reduce stress and lift academic
achievement—especially for under-resourced students in STEM (Cohen et
al., 2006, 2009; Harackiewicz et al., 2014; Miyake et al., 2010; Sherman
et al., 2013; Woolf et al., 2009). Values-affirmation activities provide the
opportunity for students to reflect on and remind themselves of their core
values and the identities and roles that matter most to them. These exercises
are grounded in self-affirmation theory which has shown that reminding
students of their adequacy, values, and identities helps them gain a sense
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of self-integrity, which in turn helps them stay motivated and engaged,
and frees up mental resources to apply to their learning, boosting their
academic achievement (Cohen & Sherman, 2014; Sherman et al., 2021).
These effects are seen among all college students and especially women,
lower income students, first-generation students, and racial-ethnic minority
students (Diekman et al., 2010, 2011; Fuesting et al., 2017; Norman et al.,
2022). These low-cost, evidence-based activities can be an explicit part of
STEM courses and instructors’ teaching practice.

Empowering Students to Take Control of Their Own Learning

When students see how their courses connect to their lives and feel a
sense of ownership over their learning, they are able to be more engaged
and have better outcomes. Instructors can design courses to increase student
empowerment by helping students see the connections and see opportunities
for their own agency.

Providing Opportunities for Student Agency

As STEM instructors and academic units engage in creating equitable
learning experiences and reflect on their current approaches and future op-
portunities, it is crucial to give space, attention, and importance to student
voices (Cook-Sather et al., 2014; Matthews, 2017; Mercer-Mapstone et al.,
2017). Student agency refers to providing students/learners with the agency
to contribute to their development by creating an environment where they
are empowered to take control of their own learning. According to the Or-
ganisation for Economic Co-operation and Development (OECD), students
gain an invaluable skill they can use throughout their lives when they have
agency in their own learning (OECD, 2019).

To develop student agency, instructors can make students partners in
their own learning, allowing them to engage in assignments based on their
own interests or make choices between different instructor-designed as-
sessments intended to measure their performance on course learning goals.
Research has identified several themes in engaging students as partners in
learning including the importance of reciprocity where all (instructors and
students) have the ability to contribute equitably, although not necessarily
in the same manner (Mercer-Mapstone et al., 2017). Having the ability to
make decisions can increase student interest and motivation and can spur
students to act as change agents (Brown & Nurser, 2011; Renaissance,
n.d.). When instructors ask students to research a STEM topic related to
their own identity or to explain how the STEM content affects them or
their community personally, this can help shift the power dynamic to one
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where the student has more agency. This approach requires the instructor
to accept that this type of learning is a process with less certain outcomes
than they may be used to (Matthews, 2017). Furthermore, instructors can
ask students to develop problem-based or case-based inquiries on situations
they have encountered in their own lives. Professional learning communities
(discussed in Chapter 9) can help instructors create appropriate content
based on students’ backgrounds that avoids biases and negative cures about
social identity. All of these examples tie into Principle 1: Active engagement
and Principle 4: Identity and a sense of belonging.

Metacognition and Self-reflection

Understanding how one’s mind thinks and learns is a skill many under-
graduate students are still developing. Data show that self-reflection and
awareness of one’s ability to learn is vital for improving academic perfor-
mance (Tanner, 2012). However, the concept of metacognition is often one
that many undergraduate students have yet to grasp (Stanton et al., 2019;
Wang et al., 1990). Many studies have explored the role of metacognition
in STEM learning (Avargil et al., 2018; Azevedo et al., 2017; Dori et al.,
2018, Santangelo et al., 2021a).

STEM instructors play an important role in helping students recognize
strategies that can advance their own learning. Research in chemistry has
shown learning benefits of using metacognitive strategies with students
(Cook et al., 2013; Lavi et al., 2019). Helping students better understand
their own learning can be done in many ways, including (a) demonstrating
how the instructors themselves use these strategies in their own practice
and (b) providing opportunities for students to reflect on their learning
experiences (Mitsea & Drigas, 2019; Tanner, 2012; Van Vliet et al., 2015).
For the first idea above, an instructor can apply Principle 2: Leveraging
diverse interests, goals, knowledge, and experiences, Principle 3: Affective
and social dimensions, and Principle 7: Intentionality and transparency
by sharing their academic journey with their students, including struggles,
achievements, and ways of perseverance. Being transparent about their own
experiences as a scholar can encourage students to be more resilient when
challenges arise. Learning about a professional’s pathway can help students
see their instructors from a new perspective. It is important to remember,
however, depending on the circumstances and the story recounted, that
some experiences can also further alienate or marginalize students, so it is
important for instructors to consider their student population in deciding
what to share. Students can also benefit from learning, from near peers
in particular, about which study strategies were useful, the mistakes they
made, and how they overcame academic pitfalls. These narratives not only
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allow students to understand their instructors at a deeper level but also
encourage students to reflect on their own STEM identities.

The Syllabus as a Useful Tool Throughout the Term

The syllabus is likely the first encounter students have with an instruc-
tor and their course, and it plays an important role in setting the tone
and framing the experience. A learner-centered syllabus “is supportive and
invites students to engage in and take ownership of their own learning”
(Palmer et al., 2014, p. 20). In contrast, content-focused syllabi “make clear
what the ‘course will do’ and what ‘students will NOT do’” (Palmer et al.,
2016, p. 36), and often focus on elements related to performance goals, like
grades and late penalties. The extent to which a syllabus is learner centered
can impact student engagement and learner outcomes, where more learner-
centered syllabi are correlated with more equitable course outcomes (Eslami
et al., 2024). Learner-centered syllabi also motivate students and get them
excited about engaging in a course with an instructor (Palmer et al., 2016).

A well-crafted syllabus will ensure students have a positive learning
experience and may alter how students perceive their instructors (Roberts,
2016). This is particularly true for underserved students (Luke et al., 2012).
Socio-historical discrimination of students who are Black and Latina/o
resulted in their unjust exclusion from educational opportunities (Ledesma
& Franquiz, 2015; Martin, 2000; Moses & Cobb, 2001). As college ac-
cess increases for these students (Acevedo-Gil et al., 2015; Bowen & Bok,
1998), they continue to learn the social mores in higher education settings.
Effective syllabi are warm and welcoming by including diversity-focused
statements that invite students to interact with faculty while affirming stu-
dents’ beliefs that instructors expect them to succeed (Chandar et al., 2023;
Eberly et al., 2001; Savaria & Monteiro, 2017; Slattery & Carlson, 2005).

A well-crafted syllabus helps demystify the academy’s ambiguous and
confusing processes, gives students access to the language of the institu-
tion, and improves their chances for success (Collins, 1997). Most students
benefit from “full disclosure of the terms of success” (Collins, 1997, p. 2).
Items that can be unclear in syllabi include details about effective work and
study habits, definitions of terms such as office hours, and locations of im-
portant places, such as the bookstore and tutoring center. Content and style
choices in a syllabus tell students whether or not instructors expect them to
be successful and clarify how they can achieve this success (Collins, 1997;
Slattery & Carlson, 2005). A thoughtfully designed syllabus is also inclu-
sive. Bernardi et al.’s (2024) analysis of syllabi and undergraduate student
surveys at a STEM institution identified key inclusive practices in course
syllabi, including sharing the instructors’ pronouns, incorporating readings
authored by women and gender minority scholars, and using inclusivity
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statements. Through incorporating these practices in the syllabus, instruc-
tors can help create a more equitable and effective learning environment.
The Center for Urban Education offers a syllabus review tool that can help
instructors construct syllabi that are equitable and welcoming.!?

The primary strategies that shift a content-focused syllabus to a learner-
centered syllabus are (a) setting a tone that is positive, respectful, inviting,
and directly addresses the student as a competent, engaged learner; (b)
making the learning goals and outcomes a central, organizing element of
the document that makes it clear what students will do to achieve the learn-
ing outcomes; and (¢) including a schedule that provides transparency on
course structure and grading by, for example, using regular due dates/times
and describing the reasoning for those due dates and including more in-
formation than just course topics for each week/class period. Outlining the
reasoning for due dates and feedback timing also provides a structure that
facilitates flexibility in the event that the instructor and/or students need it.

SUMMARY

This chapter provides explanations and examples of the Principles pre-
sented in Chapter 4, illustrating practical approaches that instructors can
use to improve the learning environments in their courses. The discussions
in this chapter illustrate that the Principles together identify key elements
of the learning environment that need to be attended to, and illustrate how
the Principles can be integrated into these elements in ways that ensure that
learning is equitable and student centered.

As noted at the start of the chapter, the Principles are interconnected.
For example, making progress on Principle 1: Active engagement or Prin-
ciple 5: Multiple forms of data will benefit from attention to other Prin-
ciples such as Principle 3: Affective and social dimensions and Principle 4:
Identity and a sense of belonging. That said, it is possible to start working
toward implementing the Principles in small and/or specific ways. An in-
structor might choose to focus on a single Principle to start or try out some
strategies on a small scale before completely redesigning an entire course.
Implementing the Principles is best thought of as a continual process of re-
flection and refinement informed by data, rather than a quick journey to a
single destination. The suite of Principles together offers a useful framework
for continuing to refine and improve one’s teaching over time.

The committee recognizes that instructors may be constrained in how
much change they can implement in their courses, depending on their role,
the resources and time they have available, the academic unit they are

12 The Syllabus Review Guide can be downloaded at https://cue-equitytools.usc.edu/
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in, and the institution. While most instructors will be able to take up the
Principles in at least small ways, a larger transformation of courses may
require changes to policies, practices, and priorities in the academic unit
or institution within which the instructor sits. The next chapters discuss
how academic units and institutions can support the kinds of instruction
envisioned through the Principles. However, even before major changes
happen at the unit or institution level, instructors may be able to join with
like-minded individuals in their units or across units who are interested in
using the Principles and support each other as they work to improve their
courses. Through these kinds of collaborations, equity-minded instructors
may be able to catalyze change not only in their own classrooms, but in

their academic units and institutions.

The following conclusions are based on the discussions of the Principles

in Chapters 4 and 5.

Conclusion 5.1: Designing, implementing, and improving equitable
and effective learning experiences require (a) attention to instructional
practices, (b) attention to the social dynamics in and culture of the
classroom, and (c) repeated cycles of reflection and innovation by indi-

vidual or groups of instructors.

Conclusion 5.2: Using the Principles to achieve equitable and effective
teaching requires careful consideration of how to design courses around
desired learning goals and how to develop student-centered productive

learning environments.
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Role of Academic Units in
Achieving Equitable and
Effective Teaching

This chapter discusses the critical role of the smallest “organizational
unit” that is centered on one or more science, technology, engineering,
and mathematics (STEM) disciplines within an institution: the academic
unit. Often a department (but not always), these units serve as structures
of influence within the institution, which relies on them to coordinate and
manage the academic process (Edwards, 1999). They determine course of-
ferings, curricula, and teaching assignments; set major and minor require-
ments; appoint and promote teaching and administrative staff; and manage
essential services for faculty members and students. It has been estimated
that 80% of administrative decisions on campuses are made at the unit
level (Carroll & Wolverton, 2004). This chapter focuses on how academic
units—operating as they do at a structural level—can provide opportuni-
ties for effective implementation of the Principles outlined in this document
through changes to their cultures, policies, practices, and structures. Where
we refer back to specific Principles for Equitable and Effective Teaching to
make connections to content in this chapter we use the shorthand names

presented in Table 4-1.

The academic unit plays an important role in shaping and understand-
ing the impact of the collection of courses that comprises the curriculum,
degree requirements, and other central elements that define the educational
experience. This can include establishing a culture that supports inclusiv-
ity at all levels. As described in Chapter 5, there are many strategies that
individual instructors can enact in their courses to put the Principles into
action. An individual instructor enacting these Principles, however, will
not address systemic inequities related to persistence in STEM majors and
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degree completion. Some of these inequities are related to groups of courses
and the connections between them—the collective impact of courses that
the academic unit is uniquely positioned to oversee and influence. Others of
course relate to larger pars of the system, the institution and society.

The unit-designed curriculum that leads to a degree within a discipline
is one such group of connected courses; others include prerequisite course
sequences and certificate programs. While the academic unit plays an im-
portant role in establishing these collections of courses, such clustering
is only one aspect of curriculum. Clemmons et al. (2022) developed the
“Intended-Enacted-Experienced” curriculum model to name and describe
these multiple aspects and show how they relate to one another; the three
aspects defined by Clemmons et al. are intended curriculum, enacted cur-
riculum, and experienced, curriculum. When academic units or a group of
instructors decide on and develop outcomes for a degree or certificate or
program—as in the curriculum defined above—they are defining the in-
tended curriculum. When instructors design and teach courses that are part
of that program and are structured to help students achieve the outcomes,
they are defining the enacted curriculum. The courses that students take, the
conflicts between those courses, and the way they make progress through
the set of courses is the experienced curriculum (this is discussed further in
Chapter 7). In addition, some refer to another type of curriculum, the “hid-
den” curriculum of disciplinary norms and behavioral expectations that are
implicit and reinforce existing structures (Andarvazh et al., 2017). Address-
ing challenges at the curricular level requires groups of faculty members
to work together within the academic unit to examine the structures that
underlie these various aspects of the curriculum, in order to make sure the
intended and enacted curricula are based on outcomes that are transparent
to students and allow for multiple pathways that accommodate real student
needs and situations.

The chapter begins with a section on academic and disciplinary culture
to inform analysis and reflection on how decisions are made about what is
taught, who teaches it, and what the expectations are for student learning
and instructor behavior.

The second section in this chapter considers the Principles as a whole
and the ways to use them, as described in Chapter 5, to articulate how
academic units might productively reflect on their courses and curriculum
with a lens toward the desired goals for student learning. Specifically, it dis-
cusses approaches academic units can take to consider their intended cur-
riculum, how it is being enacted now, and how students are experiencing it
today. These kinds of approaches can help illuminate choices that can have
significant implications for equitable and effective teaching. The way that
CTE programs are often designed to help students reach specific learning
outcomes is presented as a model that might be more broadly applicable.
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The third section of the chapter focuses on certain aspects of the ex-
perienced curriculum, including how sequences of courses interact and
the problematic role of toxic course combinations and how foundational
courses often function as weed-out courses. The chapter ends with a dis-
cussion of incentive and rewards, especially highlighting the ways that the
departmental and academic cultures discussed at the start of the chapter
influence the value placed on instruction, the supports the unit does or
does not provide for instructors, and the ways that teaching is measured
and rewarded.

Program-level learning outcomes can be both a central tenet of the
intended curriculum (e.g., the outcome or degree defined by instructors)
that ensures active engagement in disciplinary knowledge and a means for
improving flexibility and transparency (related to Principle 6: Flexibility
and responsiveness and Principle 7: Intentionality and transparency) of the
enacted curriculum (e.g., the design and structure of the courses that are
actually taught).

ACADEMIC UNITS AND THEIR
ROLE IN EQUITABLE TEACHING

For the purpose of the discussion that follows, the following character-
istics are considered to be essential functions of the academic unit:

e Control over a set of courses intended to be experienced by stu-
dents as an integrated curriculum or program that contributes
to a degree, certificate, or other terminal certification from the
institution.

e Some level of curricular and/or budgetary responsibility, even if it is
often located in a single administrator (department chair, division
head, etc.).

e A role in the hiring, review, promotion, and tenure of faculty.

Other characteristics may include (depending on institution type)

e Responsibility for STEM courses that serve students enrolled pre-
dominantly in other units in the institution (either degree require-
ments or general education requirements).

e Responsibility for determining which courses are acceptable to
receive transfer credit for majors.

e Responsibility for graduate student education in a related discipline
or interdisciplinary field, with the goal of a postgraduate terminal
degree.

e Shared research interests.
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These academic units can be departments or divisions or schools; they
can be associated with a single major, house multiple majors, or represent
interdisciplinary STEM programs. In many colleges and universities, the
academic unit is the department, which consists of a group of faculty
members within a particular discipline (e.g., biology, physics, geoscience)
led by a department head or chair. Another common academic unit is an
interdisciplinary program, which brings together faculty from many differ-
ent departments (e.g., environmental science, data science), and is typically
led by a program director. Both departments and programs in these settings
offer undergraduate majors and may offer graduate degrees. Community
colleges often have academic units that are broad (e.g., a science depart-
ment), or may have divisions or other functional units that perform the

functions described above.

Regardless of the name and composition, academic units hold a unique
position with regard to undergraduate education. The Commission on the
Future of Undergraduate Education, as part of its examination of the cur-
rent state of American undergraduate education, recommended that institu-
tions must collaborate with academic units to make a systemic commitment
to the improvement of undergraduate teaching (American Academy of Arts
and Sciences, 2017). The planning, evaluation, and oversight of a disciplin-
ary unit’s collections of courses is naturally the responsibility of academic
units, yet at many institutions, courses and how they are taught is not the
top priority. While connected by a single or related disciplines, the faculty
of academic units possess diverse interests, backgrounds, strengths, and
experiences and each member has their own perspective on teaching.

In many cases, instructors are able to make decisions about their own
courses and at most institutions teaching is evaluated at the level of indi-
vidual faculty. However, students do not experience individual courses in
a vacuum, but as a collection of courses within a curriculum designed by
an academic unit. The ability to truly achieve both an equitable and effec-
tive learning experience requires understanding the interactions between
the courses students take both simultaneously and sequentially, an under-
standing that the academic unit is particularly well positioned to achieve.
As long as evaluations are focused exclusively on the single instructor and
course, collective impacts will be overlooked. Yet the academic unit is well
positioned to oversee the collection of courses experienced by students as
a collective body that has the potential to achieve a culture of inclusivity
and equity that could extend to individual classrooms. With the appropri-
ate structures and culture, academic units could define learning goals and
pedagogical approaches to improve the overall quality of the undergraduate

learning experience.
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The leader of the academic unit (e.g., department chair or program
director) may play a leadership role within the university. In the case
of department chairs, the position lies at a pivotal junction between the
administration and the faculty and serves as a key connection between
institutional priorities and faculty work by translating messages from se-
nior institutional leaders, and interpreting questions, issues, and concerns
expressed by faculty members (Austin, 2011; Bensimon et al., 2000; Chu,
2006). The role includes considerable duties and responsibilities to maintain
the department as well as to meet the needs of the institution (Seagren et
al., 1993). Department chairs can also deliberately work to create cultures
in their units where equitable and effective teaching is valued and rewarded

(Austin, 2011; Fairweather, 2008).

In the context of undergraduate teaching reform, while the policies and
practices of academic units can have an immediate and lasting impact, re-
search on their role as a lever for impacting equitable and effective teaching
is an emerging area. The need to focus on this structural level is supported
by the challenges inherent in sustaining change at the individual instruc-
tor level. Despite decades of scholarship to re-envision faculty roles and to
develop rich, multisource systems for documenting teaching, these methods
have not been broadly implemented into practice (Bernstein & Ginsberg,
2009; Bernstein & Huber, 2006; Glassick et al., 1997; Hutchings, 1996;
Hutchings et al., 2011). Stated policies may not be reflected in actual prac-
tice, nor can they alone shift institutional structures and cultures to value
teaching more highly. A richer, more complete process for transforming the
assessment of effective and equitable teaching for tenure, promotion, and
merit is necessary for systemic improvement of undergraduate education
(Durodoye et al., 2020; Fairweather, 2002; Finkelstein et al., 2020; Heffer-
nan, 2022; Huber, 2002; Kreitzer & Sweet-Cushman, 2021; National Acad-
emies of Sciences, Engineering, and Medicine [National Academies], 2020;
Weaver et al., 2020). To promote more systemic change, there has been a
shift away from funding isolated efforts within individual courses that do
not require long-lasting reforms within academic institutions (Fairweather,
2008). Today many funders are designing solicitations with expectations for
innovations to occur at scale and result in sustained institutional change
(e.g., the National Science Foundation’s solicitations through the Improv-
ing Undergraduate STEM Education IUSE: EDU program! and Howard

Hughes Medical Institute’s Inclusive Excellence Initiative?).

I More information about IUSE is available at https:/new.nsf.gov/funding/opportunities/

iuse-edu-improving-undergraduate-stem-education-directorate-stem

2 More information about the Inclusive Excellence Initiative is available at https:/www.

hhmi.org/programs/inclusive-excellence-3
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THE ROLE OF ACADEMIC AND DISCIPLINARY
CULTURE IN SETTING EXPECTATIONS

Academic units are central to improving the quality of undergraduate
education because they are the primary loci for cultural change. When stu-
dents decide to major in a particular discipline, or to complete a program,
they are signing on to more than a single course: they are committing to be
part of the unit for multiple years. Therefore, no matter how strongly one
might express the sentiment that “STEM disciplines are independent of cul-
ture,” faculty or students experience its culture, created—in part—by these
units being social organizations. An important component of this culture is
“sense of belonging.” If students feel like they belong and feel supported in
developing their own identity within the discipline, they are more likely to
be motivated to continue in their degree and to be successful in their courses.
Research has shown that sense of belonging is correlated with performance
(Master & Meltzoff, 2020) and is an important component of persistence
through to degree completion. And yet, STEM programs can be perceived
as “chilly” and “hostile,” and students can sometimes find it hard to identify
a supportive and helpful advisor or mentor. This type of culture can create
barriers to access (Jorstad et al., 2017; Marin-Spiotta et al., 2020), and an
increasing number of students report switching out of a STEM major be-
cause of a competitive and/or unsupportive culture (Hunter, 2019).

While STEM environments can be chilly and hostile for instructors as
well, disciplinary culture is powerful and many faculty members identify
with and are more deeply connected to their unit or discipline than their
institution (Austin et al., 2009). Some faculty members can primarily exist
in separate unit-based worlds and may perceive themselves as having the
greatest influence within their unit and see their unit as the space in which
they could best create change if desired (Kezar et al., 2015; Tagg, 2012).

Another way to think of “culture” is as part of a unit’s “identity.” Al-
though identity is often seen as the collection of characteristics of an individ-
ual, academic units have identities, too. By considering their unit’s identity,
faculty can work together to develop a place where they and their students
can belong (e.g., The AIP National Task Force to Elevate African American
Representation in Undergraduate Physics & Astronomy, 2020). Academic
units include faculty and instructors at all levels, staff, and students (in some
cases, graduate and undergraduate). They include adjunct instructors whose
primary place of “belonging” may be elsewhere. Developing a welcoming
identity means working together to identify collective goals, where faculty
talk about teaching and work together to improve their courses and create
a place that makes students say, “Hey, I want to be part of that!”

Culture also extends to the curriculum. STEM instructors may have
little experience discussing their ideas about teaching or creating courses
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with others. As scholars protected by academic freedom, they may feel that
this right means that they can teach what they want without being chal-
lenged or facing repercussions. This is, however, a misinterpretation of the
meaning of academic freedom. Academic freedom is intended to protect
unexpected or unconventional research findings, not to justify poor teach-
ing. The collective faculty (sometimes in collaboration with a disciplinary
society or a professional association) holds responsibility for defining the
general parameters that govern teaching expectations and approaches. As
a body, they place constraints on the actions of instructors in their teaching
to ensure that it fits within the professional norms of their disciplines. This
means that academic units have the responsibility to define the appropriate
general parameters of content and pedagogical approach within the courses
for which they are responsible, providing faculty with the general param-
eters within which they exercise their freedom.

The role of professional standards and competence within academic
freedom points to the important connection between academic units and
professional societies and between disciplinary and departmental/unit cul-
ture. The culture within a unit may arise from the experience of the dis-
cipline’s culture that is sometimes nurtured at professional meetings and
within the practices of the larger profession (Austin, 1994, 1996; Finnegan
& Gamson, 1996; Lee, 2007; Martin et al., 2015; Murzi et al., 2016, 2021;
Tierney & Lanford, 2018). Therefore, sustained change at the unit level will
be influenced by efforts to change or sustain the status quo in the larger
discipline and profession.

Academic disciplines reflect conditions within the broader system of
higher education. Chapter 2 briefly explores the history of how the higher
education system in the United States has, from the beginning, involved sys-
temic inequities based in part on a conception of science that is Western and
Eurocentric (Mensah & Jackson, 2018; Morton et al., 2023). Throughout
its development, the undergraduate curriculum has been both a reflection
and perpetuation of its context. In the early history of the United States,
most colonial college teachers were White men, who implemented a highly
religious and Eurocentric curriculum consisting of languages (e.g., Greek,
Latin) and the liberal arts (e.g., grammar, logic, arithmetic, geometry, music,
etc.; Rudolph, 2021). In the late 1700s, some became interested in Europe’s
Enlightenment movement, which introduced the basic tenets of Western sci-
ence and other secular philosophies (Chalmers, 2013). Enlightenment ideas
of specialized inquiry and the unrestricted pursuit of knowledge spread to
university instructors in the Americas, and colonial faculty who had typi-
cally taught according to the interests of their college leadership and the
church now used the concept of intellectual freedom to set up space and
structures for more clearly defined disciplinary study (Cetina, 1999). They
accomplished this by drawing boundaries around themselves and those
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that were interested in similar subject matter, initiating “academic territo-
ries,” which grew into what are now called academic disciplines (Becher &
Trowler, 2001).

Within these boundaries, scholars developed preferences for ways of
framing, knowing, and studying the subject matter drawn from European
ideas (Abbott, 1988; Cetina, 1999; Gonzales, 2018; Traweek, 1993). Since
not all people were invited into the creation of these disciplines, only
some ideas and ways of knowing set the foundation. For example, the first
international meeting of sociologists and organizers explicitly excluded
Black and Indigenous thinkers, who had much to offer on social matters
(Go, 2020). The exclusion of People of Color and their ideas meant that
the disciplines were being formed with partial views of the world, all of
which served as the basis for research that led to racial harm (e.g., forced
sterilization, discriminatory immigration policies; Graves et al., 2022). This
example is emblematic of the ways that many academic disciplines and
their disciplinary societies perpetuated both racial and epistemic exclusion
in ways that continue to haunt some of the disciplines today (Cech et al.,
2017; Go, 2020; Gonzales et al., 2024c; Kerr, 2014; Settles et al., 2021;
Wilder, 2013).

In tandem with the growth of the disciplines, faculty members believed
themselves experts and made calls for freedom of intellectual inquiry (now
known as academic freedom) to break away from the heavily guided, or
directed, curricular and intellectual work imposed by college leaders (Tiede,
2015). Rather than teaching what college and religious leaders defined, fac-
ulty wanted to develop and oversee the curriculum, have more control over
their work, and have a larger role in any decision making that would shape
the conditions of their work (e.g., shared governance; Tiede, 2015). This
became a feature of American post-secondary education—the emphasis on
elective and general education and the central role of faculty in planning
curricular sequences.

This role of the faculty results in a curriculum that is constantly in
flux (e.g., the enacted curriculum combines foundational knowledge with
contemporary advances and debates in the field, which reflects its increasing
complexity; Lattuca & Brown, 2023; Lattuca & Stark, 2011). Curricular
decisions by academic units may therefore reflect the dominant views in
the discipline or compromises based on disagreements from faculty in dif-
ferent subdisciplines instead of thoughtful analysis of the desired learning
outcomes for undergraduates. In addition, when making curriculum deci-
sions, designing courses, and teaching (e.g., developing the intended cur-
riculum and then realizing the enacted curriculum), instructors commonly
rely on Western histories and narratives around how knowledge has been
and should be created (Alvarez & Coolsaet, 2020; McGinty & Bang, 2016;
Medin & Bang, 2014), privilege Western scientific methods (Page-Reeves et
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al., 2019; Smith, 2021), prioritize disciplinary methods and norms over in-
terdisciplinary approaches (Gonzales et al., 2024¢, Holley, 2009; O’Meara
et al., 2023; Settles et al., 2021), and conceptualize student success in highly
individualized ways (Brayboy, 2005; Lopez, 2021). These practices may be
so deeply entrenched that they are unrecognized as conscious choices that
faculty make in designing a curriculum, and changing these approaches
requires deep, transformative change (Kania et al., 2018; Liera, 2023; Liera
& Desir, 2023).

At the same time, faculty face external pressure as institutional lead-
ers, legislators, and students increasingly call for curricular efficiencies that
allow students to graduate quicker and reduce their debt burden (Lattuca
& Brown, 2023). The desire for efficiencies often focuses on students who
experience delays or challenges in making progress toward their degree.
Misalignment occurs between the intended and experienced curricula due
to inadequate coordination by the academic unit, irregular offerings of
critical required courses, course combinations that produce high failure
rates, “weed-out” introductory courses, and overall curricular complexity.
Fixing this misalignment can better serve students in an equitable and af-
fective manner and help avoid exacerbating inequities caused by students’
social position, sense of belonging in a major or discipline, and a lack of
awareness of the hidden curriculum (Andarvazh et al., 2017; Jackson, 1968;
Snyder, 1971), all of which reduce persistence and increase time to degree.
That is, course structures and graduation requirements can both convey
academic content and knowledge of the discipline and be aligned with com-
mon pathways taken by students to providing students with realistic routes
toward degrees that work for their personal circumstances.

FOCUS ON COURSE AND PROGRAM
LEARNING OUTCOMES

As mentioned above, academic units have many factors and influences
that go into the determination of the curriculum. One key influence should
be the learning outcomes discussed extensively at the course level in Chap-
ter 5 and that emerged out of Principle 1: Active engagement; one effective
way to do this is to outline the scope of the disciplinary learning that stu-
dents will actively engage in during their time in a course or program. In
addition, articulation of program-level learning outcomes (PLOs) lays the
foundation for Principle 7: Intentionality and transparency at the program
level. Articulating PLOs ensures that success is clearly defined in terms of
measurable outcomes, providing the endpoint that students will reach.

When considering program learning outcomes, Principle 5: Multiple
forms of data is useful both for defining program outcomes and for mea-
suring whether or not they are being met. In terms of defining program
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outcomes, academic units may consider qualitative data ranging from stu-
dent goals to the needs/expectations of future employers, graduate schools,
and professional schools. Program learning outcomes can be measured by
taking key assessments in relevant courses to demonstrate different levels
of achievement of specific PLOs disaggregated by different student groups.
While this requires considerable commitment, regular data collection and
measurement, sometimes achieved through a learning management system,
can lead to substantial insights and improve overall program effectiveness.

Developing high-quality, well-articulated program-level outcomes is the
work not of a single faculty member or department chair, but of all of the
faculty and instructors who are engaged in a program. Engaging all instruc-
tors in the development of learning outcomes ensures that PLOs represent
consensus, and that individual instructors will be more likely to make
connections in their own courses to the program outcomes (Clark & Hsu,
2023). There are both challenges and opportunities to including a full range
of instructor perspectives in these conversations. The example described
in Box 6-1 shows how all members of a department can work together to
audit their existing curriculum and determine what they as a group wish
to prioritize for improvement across the courses offered. Though faculty
often treat their courses as stand-alone entities, students experience courses
collectively and benefit when they see coherence across the courses and also

how each course is connected to the program outcomes.

Designing Curricula That Prepare Students for Life and Work

PLOs are the foundation of the intended curriculum and critical to
transparency (Principle 7: Intentionality and transparency): they articulate
the knowledge, skills, and dispositions expected of students who complete a
given program. PLOs communicate to students, faculty, administrators, and
external groups like accreditors and employers what constitutes mastery at

that level in that discipline (Aloi et al., 2003).

When groups of instructors are working together to design (or rede-
sign) the curriculum for a degree, major or minor program, or certificate,
starting with program-level learning outcomes gives them the ability to
use a backward design approach as discussed in Chapter 5 (Wiggins &
McTighe, 2005) to align the intended and enacted curriculums. PLOs pro-
vide guidance for developing course-level learning outcomes that support
students in achieving the program-level outcomes. In addition, program-
level learning outcomes are the basis for the development of programmatic
assessments and application of the outcomes in a curriculum matrix (see
example in Figure 6-1 and associated material in Box 6-1) to determine
where the outcomes are introduced, practiced, and needed throughout the

curriculum (Clark & Hsu, 2023; Towns, 2010).
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BOX 6-1
Using a Curriculum Matrix in the Geosciences

Since 2014, the National Association of Geoscience Teachers has been
running a Traveling Workshops Program (TWP) to help geoscience departments
in building stronger and more inclusive cultures, curricula, and courses (Egger &
Robinson, 2024). A pair of experienced TWP facilitators works with department
leaders to develop a workshop that meets the needs of the department, typically
run over two days. One of the most common components of these workshops is
developing and using a matrix to conduct a curriculum audit.

Prior to the workshop, facilitators ask participants (all faculty and instructors
in a department or program) to do some homework. The homework includes a
reflection prompt to envision a student who has successfully completed the pro-
gram: what knowledge, skills, and dispositions does this student possess, and
how has the program helped them develop these characteristics? The facilitators
collect these reflections and share themes and commonalities with all partici-
pants. These commonalities are then used to develop or refine program learning
outcomes. The characteristics of a successful student that are agreed upon by
all participants are typically skills, whereas existing program outcomes may be
focused on content knowledge, which participants tend to disagree on in that they
differ about the relative importance of different topics.

The new and/or revised learning outcomes are then incorporated into a cur-
riculum matrix. In general, the curriculum matrix is a way to visualize the extent
to which a department is supporting its students in meeting their program learn-
ing outcomes: program learning outcomes are listed on one axis and individual
courses on the other, and in each box, faculty can indicate whether a skill is
introduced, developed, or expected in that course (the exact schema can vary).2

The initial completion of the matrix generates highly productive discus-
sions. In some cases, groups realize that a learning outcome is over- or under-
emphasized in the existing curriculum, leading to changes in courses. In other
cases, they realize that the program learning outcomes do not truly reflect what
they emphasize in their courses, and they revise the outcomes. The matrix thus
becomes a living document that instructors can continually refer and add to.

Importantly, these exercises are engaged in as a team—full participation of
everyone in the department facilitates shared knowledge about what is going on
in others’ courses and is a critical component of successful implementation. In
post-workshop evaluations, participants commonly mention the team approach
with broad participation and the curriculum matrix as the most valuable things they
learned. From 2014 to 2024, facilitators have led departments through the matrix
approach activity at more than 80 institutions, including two-year colleges, small,
private liberal arts schools, and large research universities.

aFigure 6-1 provides an example, and additional information on the use of matrices can be
found at https://serc.carleton.edu/departments/degree_programs/matrix.html
SOURCE: Egger and Robinson (2024).
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Well-articulated program outcomes allow for flexibility in the curricu-
lum (related to Principle 6: Flexibility and responsiveness). Clear articula-
tion between program outcomes and course outcomes allows courses to
be designed, chosen, and incorporated into the curriculum on the basis
of how they help students make progress toward the program outcomes
rather than individual instructor preferences. This clear articulation can
be particularly useful for transfer students, whose receiving institution
may recognize that they have already met certain outcomes articulated by
the intended curriculum through a different collection of courses taken at
their previous institution, allowing them to make faster progress toward
their degree. Creating a framework where students understand their course
choices in terms of outcomes instead of required courses may potentially
provide increased clarity, flexibility, and leveraging of prior knowledge and
may help attract more students to enter and continue in the program (for
more information see the discussion of specifications grading in Chapter 8).
Students can also gain a level of ownership that builds directly on affective
aspects of learning, social belonging, and identify as a STEM practitioner.

PLOs also describe the specific knowledge, skills, and dispositions for
which the instructors in different STEM disciplines and at different institu-
tions are responsible for writing and implementing, leading to variations
(e.g., Clark & Hsu, 2023). In most STEM disciplines and at most institu-
tions, instructors involved in a degree program are responsible for writing
and implementing program learning outcomes, and thus the specific knowl-
edge, skills, and dispositions described vary across institutions (e.g., Clark
& Hsu, 2023). To ensure that program learning outcomes are meaningfully
designed and incorporated throughout a degree program in an intentional
and transparent way, lessons can be learned from STEM disciplines for
which accrediting bodies provide expected learning outcomes and use those
as one basis for program accreditation, including chemistry (e.g., Towns,
2010) and engineering (e.g., Spurlin et al., 2008).

Career and Technical Education
Curricula Integrate Workforce Needs

What is now commonly referred to as “career and technical education”
(CTE) is an important part of the higher educational STEM landscape and
includes education that typically occurs at community colleges and prepares
students for careers in health care, advanced manufacturing, biotechnology,
and more. In many cases, graduates of CTE programs enter the workforce
in jobs that are poised for advancement within that industry sector, provid-
ing that the student obtains, or already has, appropriate educational creden-
tials. The incorporation of job-readiness programming in higher education
has gone through significant historical shifts with the decline in vocational
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training programs and a more recent rise in CTE programs (Benavot, 1983;
Kim, 2021). The current structure of CTE programs sometimes provides
credentials that do not contribute to the requirements for four-year degrees;
this can hamper students who wish to pursue further education after taking
CTE courses (Hong et al., 2021; Soliz, 2023). Current CTE programs do
often provide education on technical skills, employability skills (sometimes
described as “soft skills”), and academic knowledge, and these could be rec-
ognized in transferable credentials that are parallel to those other students
acquire through liberal arts or general educational courses (Lindsay et al.,

2024; Matthews, 2022).

The Perkins Act and its subsequent reauthorization? (discussed in Chap-
ter 2), together with other legislation and proposed government initiatives,
has played a major role in supporting an “education-to-work pipeline,”
with particular impacts on CTE in community and technical colleges (Cush-
ing et al., 2019). The 2006 Carl D. Perkins Career and Technical Education
Improvement Act (Perkins IV)* was reauthorized and updated in 2018 as
the Strengthening Career and Technical Education for the 21st Century
Act.’ The 2018 update included expansion of targeted funding (Edgerton,
2022). One important aspect of these acts is that, in contrast to the way
that traditional disciplinary academic units make decisions about course
content and major requirements, local educational agencies (LEAs) are re-
quired to assess the implementation of the curriculum. This puts the LEAs
in the position of overseeing aspects of pedagogy, professional learning, and

curriculum development (Cushing et al., 2019).

When educators work with local industry to identify the components
of student education in those industries, students’ ability to join the work-
force with appropriate competencies can be significantly enhanced. Tech-
nical skills, professional “employability skills,” and academic preparation
are all needed for work. This results in a situation in which faculty at
the instructional, department, and institutional levels benefit from gaining
knowledge of the local industry and aligning their teaching methods, course
and program content, and physical resources such as instrumentation and
classroom spaces to align with the workforce needs of the community. This
can be done in a variety of ways, including work with local advisory boards,
the U.S. Department of Labor, state agencies, and directly with employers.

It is worth noting that in the context of this culture of alignment
with community workforce needs, CTE at large is generally adaptive and
nimble. This means that programs are able to adapt to evolving employer

3 Carl D. Perkins Vocational and Technical Education Act, 20 U.S.C. § 2301 (1984).
4 Carl D. Perkins Career and Technical Education Improvement Act, 20 U.S.C. § 2301

(2006).
3 Strengthening Career and Technical Education for the 21st Century Act, 2018.
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needs—for example, ensuring students acquire a variety of skills when
technology or priorities change the hiring needs. CTE programs frequently
recognize that employers value employees with more than just focused
technical skills and include learning outcomes related to work skills as
well. What used to be called “terminal” or “vocational” education is being
transformed into what Kisker et al. likened to “a LEGO brick construction
where degrees, certificates, and other non-degree credentials can be put
together in various formations to enable educational and career advance-
ment” (Kisker et al., 2023, p. 385). These curricular pathways, in recent
years, have taken on the form of “stacked credentials” in which a student
can, for example, work toward a certificate, and enter the workforce with
entry-level skills while continuing toward a B.S. degree or higher. Likewise,
a student with a non-CTE degree may return to school to obtain a certifi-
cate or an applied associate degree in order to gain job skills for career

advancement or career transition.

CONSIDER CURRICULAR COMPLEXITY AND COHERENCE

There are several key factors beyond the desired learning outcomes
to keep in mind when making decisions about curriculum. As alluded to
above, these include the ways instructors will enact the curriculum and the
ways that students will experience the curriculum. Specifically, it is very
useful for academic units to consider their existing curriculum and what is
and is not working well with it. Below we present one approach that can
help with that process: curriculum audits. We then discuss the key role of
foundational courses and the need to consider the academic and personal
goals of the students taking the foundational courses in the units’ purview.
For example, chemistry departments frequently have many students in their
foundational courses who intend to study life sciences, health, sciences, or
engineering, among other fields, in addition to those who may be interested
in specializing in chemistry. It is therefore valuable to consider the ways
existing formats and structures for foundational courses do or do not serve
the students who are likely to enroll. The role that foundational courses
often play as “weed-out” courses that discourage students from pursuing
further study is also an important consideration for curriculum design as
is the potential for the toxic course combinations (such as students who
take calculus and chemistry in their first term as undergraduate) discussed

in the previous chapter.
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Auditing Curricula

One tool that can be used to help achieve this is Curricular Analytics,®
a freely available software program that allows users to create visualiza-
tions of curricula and model student pathways to identify bottlenecks and
other friction points. The Curricular Analytics Project,” led by the Associa-
tion for Undergraduate Education at Research Universities (UERU) uses
this software in its study of the connection between curricular structure
and complexity and student outcomes such as time to degree, retention,
and graduation rates across multiple research universities and STEM disci-
plines. It is increasingly recognized that assessment professionals can play
a critical role in designing, developing, and evaluating Curricular Analytics
to improve student learning and reducing student dropouts (De Silva et al.,

2024).

Attending to Foundational Courses

Foundational courses and course sequences are critical to student mo-
tivation, persistence, and sense of belonging (see Chapter 3 for more de-
tail). The structure and offerings of these courses is often determined not
by a single instructor, but by a group of instructors or an academic unit;
therefore, coordination and collaboration are needed to make change (e.g.,
Herman et al., 2018; Matz et al., 2018). A collaborative environment is
crucial to this type of transformation effort to improve STEM education
and the formation of communities of practice can help instructors to work
together to make instruction more student centered (Gehrke & Kezar, 2017;
Kezar et al., 2017). Studies have examined how developing communities
of practice for a particular course or course sequence can bring together
the group of people involved to then work together toward implementing
more equitable and effective practices (Benabentos et al., 2021; Tomkin
et al., 2019). In cases where courses or course sequences are articulated
between institutions (e.g., two-year and four-year transfer agreements) or
taught at multiple campuses of a single institution, engaging instructors in
a community of practice can enhance communication and coordination
(Martinez et al., 2022). Some of the complexities that result from students
taking courses across institutions and academic units is discussed further
in the section on how to align policies and approaches later in this chapter.
Communities of practice and their role in professional learning and devel-

opment are discussed further in Chapter 8.

¢ More information on Curricular Analytics is available at https://curricularanalytics.org/

home

7 More information on the Curricular Analytics Project is available at https://www.ueru.org/

ueru-communities/curricular-analytics-project
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Foundational courses are often taught in multiple sections even on one
campus in order to decrease class size, and some institutions use course
coordinators to manage the overall effort (Bazett & Clough, 2021; Dettori
& Settle, 2005; Sathianathan, 1997; Villalobos et al., 2021). An appropri-
ately prepared course coordinator can help ensure that equitable and effec-
tive teaching practices are employed by all instructors, including teaching/
learning assistants (Bressoud & Rasmussen, 2015). Coordinators can help
instructors to work collectively and collaboratively, reflect on their peda-
gogical approaches, and share resources and approaches with each other.
The instructional team can reflect upon the effectiveness of their approach.
One retrospective study of course coordinators for introductory mathemat-
ics found three drivers for change that coordinators are equipped to offer
when they understand the local context and culture: (a) provide materials
and tools, (b) encourage collaboration and communication, and (c) encour-
age (and provide) professional development (Williams et al., 2022).

The strategies for course design described in Chapter 5 can be imple-
mented in multi-section courses and course sequences as well. Implementa-
tion in these settings benefits from a systemic approach that includes all
members of the instructional team. Strategies that show promise for reform-
ing introductory STEM courses include

e Developing learning outcomes that span multiple cognitive levels
and include higher-order thinking skills (Clark & Hsu, 2023).

e Engaging students in work that makes explicit connections between
content and their lives (Canning et al., 2018; Gosselin et al., 2019;
James & LaDue, 2021).

e Increasing course structure and the use of active learning strategies
(Casey et al., 2023; Freeman et al., 2011; Haak et al., 2011).

e Incorporating mixed assessment methods and de-emphasizing high-
stakes exams (Cotner & Ballen, 2017; Ralph et al., 2022).

e Engaging a faculty community with disaggregated student data in
an equity mentoring format.

Making these changes in courses typically described as “weed-out”
courses (Weston et al., 2019) may require a more substantial shift in cul-
ture. In many STEM fields, there are expectations that students will de-
velop a common set of competencies by taking certain required courses
that use predetermined assessment strategies in a specific sequence (e.g.,
Yother et al., 2022). Faculty members may worry that if their department
adopts curricula or teaching methods that do not align with disciplinary
norms and expectations, their program’s reputation and prestige may suf-
fer (e.g., O’Meara et al., 2023). Professional socialization may lead to the
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perpetuation of weed-out courses more so than explicit decisions by an
academic unit or curriculum committee (Weston et al., 2019). As such,
examining the assumptions about introductory courses and their roles,
coupled with exploration of the data of who succeeds in these courses, can
open the door to broader change in approach (Weston et al., 2019).

The role of mathematics requirements, course sequencing, and avail-
ability has received significant attention as a potential barrier to partici-
pation in STEM degrees. Within the past decade, a substantial portion
of open-access institutions have implemented accelerated courses in de-
velopmental math, recognizing that early math coursework potentially
serves as a roadblock not just to STEM degree attainment but to degree
attainment broadly (e.g., Rutschow et al., 2019). Again, while much of this
work focuses on the community college context, a series of longitudinal
randomized controlled trials conducted among The City University of New
York students observed that co-requisite math remediation has signifi-
cantly greater benefits than just remediation (Logue et al., 2019). Rather
than having students taking developmental courses first, co-requisite reme-
diation involves placing underprepared students directly into college-level
courses with co-requisite supports, such as in-class tutoring, online learning
laboratories, or a supplemental class (Cerna et al., 2023). Some corequisite
courses integrated culturally relevant instruction and the implementation
of such courses increased students’ understanding of the course content
and their coursework engagement (Cerna et al., 2023). It is worth noting
that co-requisite remediation requires a restructuring of the curriculum that
creates new interdependencies and reconfigures students’ trajectories. Un-
derstanding the impact of approaches such as co-requisite remediation and
supporting students in navigating these new pathways ultimately requires
coordination across disciplines and academic as well as an institutional
commitment to support the necessary changes to processes, policies, and

institutional structures.

ALIGN POLICIES AND APPROACHES

Academic units and programs typically include members at different
ranks with a range of emphases in their roles. Unit leaders may not always
feel they have the power or authority to advance change, yet they generally
do have the ability to get issues onto the agenda of the unit. This ability
could be used to elevate attention to instruction and to engage instructors in
discussions about how existing policies do or do not contribute to equitable
and effective teaching practices. As articulated in Chapter 4 under Principle
6: Flexibility and responsiveness and Principle 7: Intentionality and trans-
parency, both formal policies and unspoken and implicit assumptions can

influence many aspects of teaching and learning.
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For example, many STEM units and disciplines have expectations
about grading practices, academic integrity, and assignment deadlines that
may have been established to support outdated views of standards and
rigor. When norm-based grading (i.e., grading on a curve) is used to evalu-
ate students relative to one another as opposed to evaluating whether or not
each student has met the course learning goals, artificial factors determine
the distribution of final grades in courses and systemic inequities are exac-
erbated (Bowen & Cooper, 2021). These policies and practices stand in the
way of equitable and effective teaching for all students.

There is a growing body of literature on the design of assessments that
are more equitable, are less prone to academic integrity violations, and
maintain the standards expected by faculty (Denaro et al., 2022; Eslami
et al., 2024; Webb & Paul, 2023). This includes alternative approaches to
determining grades for students as described in Chapter 5, such as speci-
fications grading, contract grading, mastery-based grading, and ungrading
(Blum & Kohn, 2020; Nilson & Stanny, 2023; Tsoi et al., 2019).

Without buy-in and support of the unit leader and members, alignment
between policies and teaching approaches at this structural level is not truly
sustainable, and this can lead to significantly different teaching approaches
across courses, which can cause confusion among students and sometimes
outright conflict between instructors. It is not the case that everyone and ev-
ery course needs to be the same, but it is desirable that approaches used are
acceptable to the unit as a whole and that they collectively support defined
unit goals. Ideally, the learning goals for the courses and programs would
be communicated clearly and transparently to students, with an explana-
tion as to how the variety of approaches is used achieve these goals. The
Departmental Action Team approach described in Box 6-2 is one example
of how members of an academic unit can work together to advance change
and build consensus among unit members.

Another critical issue for academic units in the alignment of policies
and approaches is the criteria for review, tenure, and promotion, which
codifies what is valued within a faculty members’ work (discussed further
later in this chapter). For VITAL educators (visiting faculty, instructors,
teaching assistants, adjunct faculty, and lecturers), these criteria are im-
portant for fair and equitable review of performance that could lead to
contract renewal. For tenure-track faculty at research universities, criteria
for promotion place a greater value on research productivity over teaching
effectiveness. In many teaching-focused universities, substantial evidence
of teaching is important, but may emphasize numerical scores on student
evaluations or number of students served over the use of equitable and ef-
fective practices. In both cases, there is an external disincentive to modify
or overhaul courses or change current teaching practices. While criteria for
review are the purview of the unit, they can be modified to strengthen the
role of effective and equitable teaching in review, tenure, and promotion.
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BOX 6-2
How Departmental Action Teams Advance Equity

Departmental Action Teams (DATs) consist of fewer than ten faculty, students,
and staff representing various groups within a single department that meet regularly
for multiple semesters. Following an action research paradigm, DAT projects sup-
port the implementation and institutionalization of change and promote better use
of research on learning and systemic change. They are driven by six core principles
(Quan, 2019, as cited in DAT, n.d.; Reinholz et al., 2021, p. 130):

Students are partners in the educational process.

Work focuses on achieving collective positive outcomes.

Data collection, analysis, and interpretation inform decision making.
Collaboration between group members is enjoyable, productive, and
rewarding.

Continuous improvement is an upheld practice.

Work is grounded in a commitment to equity, inclusion, and social
justice.

@[ =

oo

DAT participants decide on the focus for their own group. External and
internal facilitators with different expertise in research, institutional change, and
supporting collaborative groups help the participants create a shared vision and
goals. DAT participation can be incentivized in many ways, such as through ser-
vice credit or performance reviews.

DATs have focused on various initiatives in the past (Ngai et al., 2020):

»  Developing a new undergraduate major

» Developing assessment plans

»  Monthly seminars on diversity, equity, and inclusion

* A multi-year undergraduate skills assessment

+  Program-level student learning outcomes

+  Ongoing study of student experiences for the purposes of improving the
undergraduate program

+ Implementation of a peer mentoring program

While most institutions have unit- and institution-based metrics and/
or dashboards to look at student retention and completion, fewer have
disaggregated those outcomes via student demographics and intersections
of identities, and even fewer have shared disaggregated D, F, and with-
draw rates and GPA outcomes or linked measures of incoming student
opportunity with outcomes or social mobility measures (Shapiro & Tang,
2019). Tools to do this kind of data analysis are growing (see Chapter 9).
In general, many of the approaches taken at the unit level can work at the
institution level. Aggregating values but allowing the disaggregation by
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unit and student intersecting identities can point out inequities across the
various parts of an institution. While a dashboard that is able to show the
data and allow for multiple disaggregation is technically achievable, there is
often no particular individual or group that is responsible for interrogating
and making sense of such data. At some research universities, an individual
in the office of undergraduate education, an educational effectiveness leader,
and/or a leader of a teaching center may take on such an activity. Without
adequate support from institutional leadership, unit leaders, and faculty, the
potential impact of their work tends to be limited. Some institutions may
choose to outsource such work to consultants and/or private companies,
but often the level of inquiry will be shallow, focused primarily on reten-
tion and graduation, often with limited disaggregation and/or buy-in by
academic units and their faculty. Others house these efforts in central offices
(e.g., California State University System Office and the California Com-
munity Colleges Chancellor’s Office), where such tools have been created
and made widely accessible, but it has been less clear who is responsible for
reviewing and acting on the data within academic units.

In considering the use of data to understand if change is successful,
one example is the assessment of the impact of the Vision and Change in
Undergraduate Biology initiative and the development of the Vision and
Change document in the biological sciences. This document was written to
provide guidance for pedagogy and curricula in U.S. undergraduate biology
(American Association for the Advancement of Science, 2009). In addition,
a validated tool for assessing the implementation of the Vision and Change
document, the BioSkills Guide (Clemmons et al., 2020), has been developed
and validated base on the input from biology faculty from various institu-
tions. Vision and Change makes use of some approaches highlighted in this
chapter such as the articulation of learning outcomes; it provides general
outcomes from professionals in the field that can be used by departments
to establish specific learning outcomes for their programs.

A study of Vision and Change efforts provided the ability to compare
three levels of the curriculum: (a) intended curriculum, learning outcomes
recommended at the program level or planned at the course level; (b) en-
acted curriculum, learning outcomes taught and/or assessed in a course; and
(c) experienced curriculum, learning outcomes reported by students as being
taught (Clemmons et al., 2022). This three-part curricular model is impor-
tant to evaluate as it can help assess how effective the departmental level
of reform (intended curriculum) can be at creating effective and equitable
outcomes at the student level (experienced curriculum). A key step is for
individual faculty to embrace the program outcomes that are expected to
be in their course and commit to teaching them (enacted curriculum). Clem-
mons et al. used the BioSkills curriculum survey to evaluate the effectiveness
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of adoption of Vision and Change learning outcomes; their work provides
evidence of how to measure this process, and a snapshot of the status of
the initiative across a number of biology departments. As one might expect,
there remains important work to be done to align the three levels of cur-
riculum, but the power of this assessment illustrates important next steps.
For example, Clemmons et al. were able to identify learning outcomes that
are less likely to appear in assessments, pointing to the need for more work
in this space. This is especially important given that they also found that
the assessment of learning outcomes increased the likelihood of students
recognizing that the particular learning outcomes were part of the course.

Consider Student Experiences Taking Courses
Across Multiple Academic Units

The enacted curriculum sets a path for students to achieve an end
goal—a credential, or degree. But students’ variability in reaching the com-
mon end goal (e.g., the range of experienced curricula) is shaped by their
individual momentum and trajectory. Students’ academic momentum is
influenced by their background, previous coursework, access to advising,
sense of belonging, willingness to accrue debt, relationships with instruc-
tors, quality of teaching, and many other factors (Wang, 2017; Zhang,
2022). That is, academic momentum may be slowed when the experienced
curriculum does not align with the intended curriculum. Many of the
challenges lie in building the pathway across academic units and institu-
tions; therefore, institutional leaders may need to coordinate cross-unit
conversations to ensure alignment and consistency within their institution
or to revisit articulation agreements with feeder colleges, which determine
which courses transfer between institutions. The enacted and experienced
curriculum spans academic units: essentially all STEM disciplines require
some courses that are “outside” the discipline and department in which the
major is housed. They also span institutions, as when students transfer or
take a course at another institution. This is especially true for foundational
course sequences that rely on each other in terms of content covered as
well as courses in related fields that rely on specific cross-disciplinary con-
tent. For instance, the second general chemistry course builds on the first
content and may also rely on math courses while introductory biology may
build upon elements of the general chemistry courses. Data can be used
to understand outcome consistency and coordination within and across
courses enabling the majority of students taking the courses to engage in
the relevant content in a fairly consistent manner. This consistency can be
coupled with increased coordination between departments to improve the
utility of introductory courses rather than acting as screens, or barriers, to

student retention.
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In biology, an introductory course may rely on both chemistry and
mathematics knowledge for successful completion. Often these co- or pre-
requisite relationships have not been reviewed for years, and courses in
other departments may have been used intentionally or unintentionally as
“filters” to limit the students that get through instead of ensuring that stu-
dents gain the knowledge and skills needed to be successful in the course
(Weston et al., 2019). For example, some biology programs may require
calculus and introductory chemistry courses before enrollment, even though
the necessary chemistry is taught in the biology courses and calculus is not
used at all. Analysis of the curriculum audits discussed above can sometimes
make clear that the prerequisite courses were used as barriers to limit who
enters. Data tools to measure, clarify, and support these types of situations
and help identify ways to improve them are nascent. Some campuses have
minimized these issues by adopting a “common goods” approach to the
introductory STEM courses whereby the instructors teaching these courses
come together as a community to uncover and minimize toxic course com-
binations and unnecessary co- and prerequisites. For example, to increase
student retention and success in engineering, Wright State University de-
veloped a freshman-level engineering math course which did not require
traditional math prerequisites and instead moved core engineering courses
earlier in the program, redefining the way in which engineering math was
taught (Klingbeil, 2004).

Potentially more challenging, but equally important, is the need to
coordinate across not just academic units but entire institutions, especially
between two-year and four-year institutions, in order to ensure support for
transfer student success. Preparation for transfer and post-transfer success
in STEM present several additional structural barriers that students must
navigate. Unstructured curricular and programmatic choices have been a
longstanding challenge (Bailey et al., 2015a; Van Noy et al., 2016). As al-
luded to above, this can lead students to take courses outside of what is
required for their programs, which can delay them in receiving the creden-
tials they are pursuing (Packard et al., 2012; Wang, 2020).

Measure Curricular Complexity
to Understand Student Experiences

There are a number of emerging data approaches that can help address
issues of curricular complexity. Student flows through the curriculum can
be studied via Sankey diagrams, such as those enabled by the free UC Davis
Ribbon tool® (Bradforth et al., 2015) or available in many popular visual-

8 More information on the UC Davis Ribbon Tool is available at https://cee.ucdavis.edu/tools
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ization programs (Tableau,” Power BL!'® SAS® Visual Analytics!!). These
tools make it easy to understand how students flow in and out of majors,
if there are discrepancies between different groups of students, and identify

areas for further investigation. See examples in Chapter 9.

Program leaders can also examine the impact of pre- and co-requisite
structures on time to degree. The UERU Curricular Analytics Project men-
tioned earlier has developed a tool to help identify potential curricular
bottlenecks and also logistical ones where students who may not succeed
in a course the first time can be delayed up to a year in their degree pro-
gression if that course is only offered during one term each academic year.
Groups that manage curricular programs can also discuss in detail which
skills and knowledge are needed for particular courses (e.g., which specific
quantitative skills are expected for an upper-level course) and bring that
information to other departments to determine which courses should be
prerequisites and which are not necessary for students to be successful. This
process can help streamline the curriculum and increase the intentionality
and transparency of the curriculum to students (related to Principle 7:
Intentionality and transparency). In addition, identifying the specific skills
and knowledge can support alternative means for students to demonstrate
mastery of skills to succeed in a course, which provides flexibility (related
to Principle 6: Flexibility and responsiveness) for students who transfer or

return to degree programs after time in the workforce.

Local as well as larger-scale sources of information (e.g., University of
California Undergraduate Experience Survey,'? National Survey of Student
Engagement!3) can be critical in determining if there are inequities that are
manifesting in differences in retention, completion, and opportunity for
students from different groups. Policies related to who is allowed to enter
a major and how the criteria may change depending on route in (direct or
transfer), course repeat policies, minimum grade for progress, registration
and billing, accommodation approach, timing for course withdrawal, and
more can affect different student groups differently, and may create chal-
lenges to equitable instruction and outcomes. All of these sources of infor-
mation, along with more traditional measures (i.e., grades and completion
rates) of who is succeeding in introductory courses and who is struggling,

can paint a fuller picture and help identify areas for improvement.

9 More information on Tableau is available at https://www.tableau.com/
10 More information on Power BI is available at https:/powerbi.microsoft.com/

11 More information on SAS Visual Analytics is available at https://www.sas.com/en_us/

software/visual-analytics.html

12 More information about the University of California Undergraduate Experience Survey
is available at https://www.ucop.edu/institutional-research-academic-planning/services/survey-

services/UCUES.html
13 https://nsse.indiana.edu/nsse/index.html
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Another challenge in STEM education is ensuring that lower-division
courses appropriately prepare students for their upper-division courses (e.g.,
Hsu et al., 2008). This design challenge involves taking a developmental ap-
proach, considering the knowledge and skills that students can develop in
lower-division courses that they can build on in upper-division courses and
subsequent careers. Successfully considering these challenges can help to
make the learning goals for individual courses and for majors or programs
more transparent as well as more intentional (Principle 7: Intentionality
and transparency). This developmental approach can help identify the key
concepts it is important for students to learn and facilitate a move away
from a focus on content coverage (Petersen et al., 2020). When the volume
of material students encounter is appropriate for the length of the course,
students may be more able to develop deeper understanding of the content.
In some academic units longstanding traditions about course ownership and
the sense that coverage of certain topics must be preserved can make these
types of changes challenging and significant changes to course content and
teaching approaches are likely to require a collective department effort to
have the potential for success.

The considerations around course content and sequencing are even
more numerous at community colleges where students intend to transfer to
multiple four-year institutions. While articulation agreements can facilitate
this process by providing documentation of what courses will transfer for
credit at the new institution, many are based on outdated learning outcomes
that may not have been revisited for many years. Community college faculty
may feel constrained in making changes to courses because they are articu-
lated to a four-year college. Yet, instructors at the four-year college may be
unaware of these agreements and never have the chance to look at syllabi
and grant credit to students for having taken other equivalent courses solely
because a previous agreement was already in place.

Evaluation of Teaching

The changes in teaching strategies and classroom culture needed to
achieve equitable and effective teaching will originate with and be led by
the instructor. This requires significant and sustained effort. Instructors have
many competing demands on their time and in some contexts are incentiv-
ized and rewarded for their research. In most higher education contexts
instructors are now playing an expanded role in supporting the increasingly
nuanced aspects of the student experience. Instructors have long needed
to support students by providing accommodations for learning or physi-
cal disabilities. They must also attend to providing appropriate support to
students with diverse gender identities and students who are underserved
due to race/ethnicity, transfer status, country of origin, and other factors.
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These aspects are critically important in creating an inclusive and equitable
learning environment in which all students can succeed. But they are also
skills that an instructor must learn and must be able to attend to: in other
words, these skills require more time and effort from an instructor than was
assumed decades ago. Therefore, a message that these efforts are valued and
supported by academic units and institutions can be a powerful motivator.

Equitable and effective teaching is unlikely to happen in a widespread
manner if the work is not valued by academic units, considered in teaching
evaluations, and rewarded equitably and reliably. The reliability and depth
of information provided by student surveys is not robust enough to allow
an academic unit to properly evaluate any given members teaching and
newer approaches that give better insights into teaching behaviors have

been proposed (discussed later in this section).

Institutions are beginning to explore “holistic” approaches to evaluate
the increased complexities of teaching (Follmer Greenhoot et al., 2020; Na-
tional Academies, 2020; Weaver et al., 2020). Holistic evaluation systems
involve the collection of multiple forms of evidence which represent the
perspective and voices of students, the instructor, and some third parties
(Krishnan et al., 2022; Transforming Higher Education Multidimensional
Evaluation of Teaching, n.d.). For example, the traditional method of col-
lecting end-of-course student surveys can be one form of evidence repre-
senting the student voice and perspective. For instructors, evidence could
include the course materials (e.g., the syllabus, course assessments, assign-
ments) and samples of student work. Instructors can also solicit external
letters describing the impact of their work, provide a citation for research
articles or conference presentations on education research, or prepare a
reflection on their teaching and how they plan to adjust in the future.

Third-party evidence can supplement both the instructor and student
evidence. One common form of evidence is a peer observation carried out
by another instructor or member of a teaching and learning center. The
observation is facilitated by a validated observation tool or rubric (e.g.,
COPUS,* TDOP,® TQF,'¢ CUE,!” etc.) accompanied by a pre-observation
discussion with the instructor to understand the structure and goals of the
course. The observations themselves should span a substantial portion of
the term in order to gain a complete understanding of the dynamics of the

14 More information about the Classroom Observation Protocol for the Undergraduate

STEM (COPUS) is available at https://cwsei.ubc.ca/resources/tools/copus.html

15 More information about the Teaching Dimensions Observational Protocol (TDOP) is

available at https://tdop.wceruw.org/

16 More information about the Teaching Quality Framework (TQF) is available at https:/

www.colorado.edu/teaching-quality-framework/about-tqf

17 More information about the tools developed by the Center for Urban Education (CUE)

is available https://www.cue-tools.usc.edu/all-tools

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/28268?s=z1120

Transforming Undergraduate STEM Education: Supporting Equitable and Effective Teaching

ROLE OF ACADEMIC UNITS

course and the student-student and student-instructor interactions. Thus,
in a holistic evaluation system, all of this evidence is placed in context and

helps ensure a more complete and accurate evaluation.

Holistic evaluation systems can also include multiple categories (or
dimensions) of work. These dimensions will depend on the alignment of
the cultures and values of the unit or institution with its educational mis-
sion. The Benchmarks for Teaching Effectiveness approach at the University
of Kansas (Follmer Greenhoot et al., 2020) has seven dimensions: goals,
content, and alignment; teaching practices; class climate; achievement of
learning outcomes; reflection and iterative growth; mentoring and advis-
ing; and involvement in teaching service, scholarship, or community. Each
of these can be examined through more than one lens using varying forms
of evidence. Another example is the Holistic Evaluation of Teaching (HET)
project at UCLA!8 which uses four dimensions to define excellent teaching
and carry out their evaluations: it engages students, is equitable, is learning
centered and responsive, and strives to improve. As these examples show,
there are different ways to define these dimensions in support of equitable

and effective teaching.

To best support these efforts, the evaluation of teaching must support
instructors with both the formative and summative feedback they need
about student learning and about their teaching approaches (see discussions
in Chapter 5§ and National Academies, 2020). Students unfamiliar with the
methods are sometimes resistant to active learning approaches (Andrews
et al., 2020; Finelli et al., 2018; Tharayil et al., 2018). It has been reported
that instructors making a transition to the teaching practices advocated in
this report fear a decrease in students survey scores, and this could be a
deterrent to faculty choosing to reform their teaching practices; however,
there is little evidence to support such declines (Henderson et al., 2018).

SUMMARY

Academic units (e.g., departments, interdisciplinary programs, etc.) are
located at a key level of institutional change where they may be able to in-
fluence the larger institutional policies and certainly can influence instructor
behavior by providing opportunities, support, and incentives for attention
to teaching and equity. When members of the academic unit agree to act col-
lectively and come to agreement about course, major, or program learning
outcomes, the unit provides a structure for developing a clearly articulated
curricular structure that supports those learning outcomes. This in turn
provides a solid foundation for creating equitable and effective teaching at

18 More information about UCLA’s Holistic Evaluation of Teaching HET project is available

at https://teaching.ucla.edu/programs/holistic-evaluation-of-teaching/
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the course level. It is the culture of the academic unit that acts as the start-
ing point for increasing inclusion and fostering a welcoming environment
at all levels. These units can then work to improve curriculum so that it is
based on learning goals and provides equitable and effective pathways for
students to achieve these goals.

Conclusion 6.1: Academic units hold collective responsibility for ensur-
ing that (a) educators working under their auspices have the resources
and supports they need to provide equitable and effective undergradu-
ate science, technology, engineering, and mathematics (STEM) learning
experiences, and (b) all learning experiences they oversee, including
courses, laboratories, field experiences, research experiences, and pre-
requisite and other requirements for programs and majors, provide
equitable and effective STEM learning experiences for students.

Conclusion 6.2: Making science, technology, engineering, and math-
ematics (STEM) instruction equitable and effective requires support
and guidance from academic units and institutions in ways that balance
instructors” autonomy with the goal of providing high-quality learning
experiences in STEM for all students.

Conclusion 6.3: Academic units play a major role in decisions and
policies about teaching, including how teaching is valued, recognized,
evaluated, and rewarded. Academic unit decisions and policies related
to teaching can impede or promote the implementation of equitable and
effective teaching strategies.

Conclusion 6.4: Barriers to students’ success can arise from the struc-
ture of course offerings and requirements. Students are often expected
to take a sequence of science, technology, engineering, and mathemat-
ics courses, but the connections between the courses are often not well
coordinated, and the overall goals for what students will learn across
the sequence are not always well articulated.

Conclusion 6.5: Focused attention on examining and improving the
coberence of learning goals across course sequences, programs, and
majors can (a) help educators clarify the overall goals for students and
facilitate improvements in individual courses, (b) facilitate alignment
to the Principles for Equitable and Effective Instruction, (c) increase
transparency and improve student outcomes, and (d) provide a means
to collect data to assess the impact of curricular changes.
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Student Pathways Through
Undergraduate STEM Curricula

The committee recognizes that their charge could be narrowly in-
terpreted as a series of issues related to individual science, technology,
engineering, and mathematics (STEM) courses, but that this focus would
miss many important aspects that influence whether students experience
equitable and effective STEM learning experiences. Students experience
undergraduate STEM education as a series of courses and also as an array
of interconnected interactions with peers, advisors, academic units, and
various offices in one or, often, more than one college or university. These
student experiences vary due to institution type, discipline, program struc-
ture, and course format in addition to more student-specific academic and
non-academic factors (e.g., race, gender, etc.; see Chapters 2 and 3 for a
more detailed discussion). In the big picture the key issue to keep in mind is
that less than half of undergraduates are first-time full-time college students
coming straight from high school graduation (National Center for Educa-
tion Statistics, 2024b).

This chapter explores some aspects of the varied, complex pathways
students take through STEM education and into the workforce. It acknowl-
edges that students do not simply follow the designed or enacted curricu-
lum described in Chapter 6; instead, there is an experienced curriculum:
the way students actually navigate undergraduate STEM curricula. The
chapter begins with a discussion of the complex and nuanced concept of
motivation to pursue STEM, recognizing that in this space student agency
and employment goals interact with instructor and societal expectations. It
links the concept of motivation to the Principles for Equitable and Effective
Teaching, as described in Chapters 4 and 5. We then go on to discuss the
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development of a STEM identity. Along with this, we investigate some of
the specific decision and transition points where students sometimes switch
away from studying STEM, or from post-secondary education altogether.
This includes a closer look at the transition from high school to college,
transfer between institutions, and other aspects of student experiences in
higher education institutions.

STUDENT MOTIVATION TO PURSUE STEM
AND DEVELOPMENT OF STEM IDENTITY

Students choose to study STEM for a variety of reasons including in-
and out-of-school experiences with STEM topics and issues before enrolling
in college (Principle 3: Affective and social dimensions). Students may be
motivated to study STEM because of their curiosity about the natural or
designed world, a desire to use STEM to improve the world, and/or a per-
ception about the value or importance of STEM in society. Recent empirical
work has highlighted the roles of aspirations, motivation, and attitudes in
STEM education and learning (e.g., Kujawa, 2013; Wang, 2013b; Wang
et al., 2017a,b, 2020). One study found that students describe affective
reasons for choosing to study STEM more frequently than they indicated
a choice of STEM because it would lead to a future career or financial re-
wards (Thiry & Weston, 2019). Another key aspect of students’ decisions
to study STEM related to their perceptions of themselves and their abili-
ties. Many students report having chosen a STEM major because they are
interested in or passionate about the subject area, that they enjoy it, and
are skilled in it. Research has shown that students’ math and science self-
efficacy beliefs positively predict intent to transfer into STEM fields (Wang
et al., 2017a).

Development of a STEM identity can also influence students’ choice
of field of study and how they navigate that pathway, a topic captured in
Principle 4: Identity and a sense of belonging (Rodriguez et al., 2019a;
Teshera-Levye et al., 2023). One study explored how focusing on identity
development can improve success in STEM for Women of Color (Rodriguez
et al., 2017). This may be particularly important for community college
students who often have less extensive ties to disciplinary research com-
munities and sometimes have lower levels of STEM identity (Teshera-Levye
et al., 2023). Additionally, studies have shown the importance of STEM
instructors’ mindset beliefs (Canning et al., 2022; Muenks et al., 2020;
White et al., 2024). Emphasizing the potential for growth, rather than em-
phasizing fixed abilities, can indicate to students that STEM fields offer op-
portunities to fulfill their goals. Students can perceive when faculty endorse
growth- versus fixed-mindset beliefs and designed STEM courses to advance
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communal and individual goals; these perceptions can increase students’
interest in pursuing STEM education and careers (Fuesting et al., 2019).

TRANSITIONS FROM HIGH SCHOOL TO COLLEGE

The transition from high school to college is a critical period when
students who feel underprepared may choose to switch out of intended
STEM majors (Thiry, 2019). While many students take STEM courses in
high school, the opportunity to access these courses and the preparation
that they provide for success in undergraduate STEM education is not
equitable. Studies have shown that exposure to STEM preparatory college
coursework varies significantly by race, geography, and community income.
Call to Action for Science Education: Building Opportunity for the Future,

published by the National Academies in 2021, reported that

high-poverty schools are at least 1.5 times as likely as low-poverty schools
to lack advanced coursework in mathematics and science (NASEM, 2019a)
[...] 14 percent of schools that enroll the fewest numbers of Black, Latino/a
and Indigenous students offer no biology courses, 18 percent offer no
chemistry courses and 31 percent offer no physics courses. In contrast, in
schools that enroll large percentages of Black, Latino/a and Indigenous
students, 29 percent offer no biology courses, 42 percent offer no chem-
istry courses, and 59 percent offer no physics courses. Similar trends in
lack of access to science courses can be seen in schools enrolling significant
numbers of students living at or below the poverty line (ExcelinEd, 2018).

(pp. 30-31)

There are many strategies that programs and institutions use to try
to mitigate the challenges of this transition and support students. Some
programs target specific student populations (by geography, discipline, or
student identity). while others are open to the wider student population.
Out-of-school learning at museums and in clubs as well as internships
provide students access to STEM while they are still in high school. Dual
enrollment programs or options engage students in academic learning at
the college level while they are in high school. Advising and mentoring ap-
proaches can help students learn about potential career options and post-
secondary educational opportunities. State initiatives sometimes provide
vocational learning opportunities. In this section we go into more detail
on dual enrollment, bridge programs, and supports for students in founda-

tional courses.
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Dual Enrollment Courses and Programs

Dual enrollment courses and programs (also known as concurrent en-
rollment or dual credit) have emerged as a means of providing a way for
students to enroll in college courses while still in high school. These courses
and programs enable students to access advanced courses and to accrue
college credits early and sometimes at a lower cost than for high school
graduates. These opportunities expand student exposure to college STEM
courses (Zinth, 2014, 2019), and in several states, they have an intentional
focus on students who would otherwise not have access to them (e.g., Mar-
tinez et al., 2017). Dual enrollment courses and programs enable students
interested in STEM to study topics that are not available to them in their
regular course offerings and may help increase engagement, motivation, or
STEM identity—all from choosing to participate in a special course. These
courses can be offered at a high school, on a college campus, or online.
Secondary school teachers may be required to have certain credentials
(e.g., a master’s degree in the discipline) to teach these courses. One type
of dual enrollment program involves Early College High Schools, some of
which have a specialized curriculum in STEM, health care, K-12 teacher
preparation, or another more targeted field than the typical high school
curriculum. These schools can get students on track to an undergraduate
degree earlier by providing additional information about what college is
like or more information about STEM pathways and careers. Exposure to
college STEM courses via dual credit enrollment has been shown to have a
significant positive impact on STEM career intention (Corin et al., 2020).
Dual enrollment can also reduce total college tuition costs (which can be
especially helpful for students and families in low-income brackets) and
accelerate college degree attainment (Ison, 2022; Lee et al., 2022; Partridge
et al., 2021; Schaller et al., 2023). However, dual enrollment can be chal-
lenging for students to navigate in multiple ways. There are equity issues to
consider (Hooper & Harrington, 2022; Williams & Perry, 2020). Further-
more, students can encounter different expectations on college campuses
than they would in their high schools (Hu & Chan, 2021). Dual enrollment
experiences also may alter their previous college plans in unanticipated
ways. For example, students may feel constrained to continue their educa-
tion at in-state schools where they are more likely to be granted credit for
courses already taken, since not all colleges or universities will accept the
credits they have already earned or may restrict which of those credits can
count toward their intended major. One study found that dual enrollment
students were less likely to receive bachelor’s degrees if they did not enter
a four-year institution immediately after high school (Jagesic et al., 2022).
Additional research would be beneficial to better understand the positive
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experiences some dual enrollment students have in career and technical

education (CTE) pathways (Edmunds et al., 2024).

Bridge and First-Year Support Programs

Many institutions have found ways to support students by investing
in STEM readiness, such as mathematics and introductory science courses.
These programs provide supports ranging from pre-college engagement to
wrap-around services in critical foundational courses (Hallet et al., 2020;

Kezar & Kitchen, 2020).

Bridge programs are often designed to start in the summer to prepare
students for fall courses and can include social events as well as academic
initiatives. These programs are designed to build community and provide
early intervention to support the performance of students who may benefit
from additional resources to increase their ability to succeed in foundational
courses (Bradford et al., 2021; Cabrera et al., 2013; Ghazzawi et al., 2021;
Grace-Odeleye & Santiago, 2019; Hallett et al., 2020; Kallison & Stader,
2012; Palmer et al., 2010). Such initiatives may also be called a variation on
Summer Success Academy, Summer Start, or Jump Start (e.g., Albany State
University,! Coppin State University,> Durham Technical College,? George

Washington University,* and Clemson University?).

There are also examples of strategies and models that can disrupt the
culture of “weeding out” students in the collegiate space and provide the
support and resources needed for all students to thrive equitably (Aizenman
et al., 2022). California State University—Fresno, for example, proactively
developed a learning community approach called the Building Opportu-
nities through Networks of Discovery (BOND) program that has been
proven to effectively support first-year student retention in STEM pathways
(Cowan et al., 2022). This program counters the traditional “weed-out”
method of education by fostering an environment where first-year students
are supported, nurtured, and ultimately prepared for higher-level STEM
courses. It provides students with dedicated courses on scientific method

I More information about the Summer Success Academy at Albany State University is avail-

able at https://www.asurams.edu/enrollment-management/summersuccess.php

2 More information about the Summer Academic Success Academy at Coppin State Univer-

sity is available at https://www.coppin.edu/sasa

3 More information about the Summer Success Academy at Durham Technical College is

available at https://www.durhamtech.edu/summer-camps/summer-success-academy

4More information about the GW Jump Start Summer Success Program at George Washing-
ton University is available at https://studentsuccess.gwu.edu/gw-jump-start-summer-success-

program

5 More infomration about the Summer Start Program at Clemson University is available at

https://www.clemson.edu/admissions/summer-start/index.html
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and evidence use, a community, peer mentors, guaranteed enrollment in

other courses, and technology support.®

NAVIGATING PATHWAYS WITHIN COLLEGE

Once students enroll at a college or university, there are several factors
that define their experienced curriculum or the actual STEM pathway they
end up taking (see Chapter 6 for more discussion of intended, enacted,
and experiences curricula). These include the choices students make about
how, when, and where to take courses, and their experiences within those
courses. Poor teaching, poorly designed courses, and harsh grading prac-
tices influence their decisions to persist in STEM (Holland, 2019). Other
factors include personal circumstances, finances, age, family status, and the
availability of accessible learning opportunities (e.g., Holland et al., 2019b).
As a result of these complex, interrelated factors, students do not always
journey linearly through higher education. As discussed in Chapter 3, stu-
dents take courses within an institution, vertically between institutions
(e.g., transfer from a community college to a four-year institution), and
laterally between institutions (e.g., transfer from one four-year institution
to another). In this section, we explore the factors that influence student
choice in the experienced curriculum—that is, how they navigate pathways

of study in their undergraduate education.

STEM fields are known for their highly structured curriculum with
specific prerequisites and a relatively rigid order in which courses need
to be taken. This can require students to understand complexities of the
intended curriculum (e.g., the program-level outcomes for a degree, certifi-
cate, or program developed by academic units or a group of instructors, as
described in Chapter 6). Instructors may easily see why certain prerequisites
are needed or understand why a major requires courses offered by another
department or program (such as why engineering students need to take cal-
culus, or why biology students need to take chemistry). However, it can be
hard for students to understand when an entire course is required when only
a fraction of the material is relevant for future study in their major. These
requirements are not only confusing to students; they can at times develop
a life of their own as tools that decrease enrollment in higher-level courses
(when students fail or become discouraged by the course requirements they
are sometimes not able to progress on in the curriculum). This complexity
of the curriculum can have a number of unintended consequences, includ-
ing added time to degree and decreased motivation to persist. A few studies
have sought to analyze how students experience STEM education in terms

¢ More about the CSM BOND program at Fresno State University is available at https://

csm.fresnostate.edu/fye/index.html
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of the curricular structures they must navigate (e.g., Lattuca & Stark, 2009;
Smart et al., 2000). Students make course choices with limited insight into
why courses are ordered the way that they are. The research that is available
suggests a murky relationship between the enacted and experienced curri-
cula (Lattuca & Brown, 2023). Some institutions have developed support
structures to help students identify and navigate pathways through the first

couple years of college (see Box 7-1 for an example).

BOX 7-1
Pathway Reform at Fond du Lac
Tribal and Community College

ronmental sciences programs in addition to a few other programs.2

instructors and administrators in making change.

and identities of staff and students.

et al., 2019).

@ https://fdltcc.edu/degrees-certificates/degree-programs/

Fond du Lac Tribal and Community College (FDLTCC) in Cloquet, Minne-
sota, serves many Indigenous students. Its main tribal affiliation is with the Fond
du Lac Band of Lake Superior Chippewa, although it also serves the Mille Lacs
Band of Ojibwe of northeastern Minnesota (Goose, 2024). It offers biology and
general sciences transfer pathway courses as well as nursing, health, and envi-

FDLTCC is one of the colleges in the 2017 Tribal College and University
cohort of the Achieving the Dream (ATD) network. ATD works with institutions,
mainly community colleges, to improve student success by supporting college

The institution recently received a spotlight award from Achieving the Dream
in recognition of the success they have had in several metrics that measure stu-
dent progress through their educational journeys. Through multiple coordinated
initiatives, they have achieved at-scale reform in an institution that serves stu-
dents of many cultures, but with needs that are unique to the institution, location,

Momentum metrics track student progress in the early years that are as-
sociated with their outcomes in the later years. Metrics are conceptually grouped
into (a) credit momentum measuring the number of college-level credits student
completed in their first year, (b) gateway course momentum measuring the take-
and-pass rate of math and English courses in their first year, and (c) persistence
momentum measuring the retention rate from the first to the second term (Belfield

The college’s targeted approach included the implementation of a co-requi-
site math model that resulted in increases in learning and outcomes and an el-
evated math enroliment. The model was designed to serve low enrollment in math
class and low completion rates. Students receive maximum exposure to ideas
and concepts through taking developmental math and college-level statistics in
the same semester. The percentage of students placed in developmental educa-
tion that completed college-level math satisfactorily increased from 18% in the
2019-2020 academic year to 61% in 2022—-2023 (Achieving the Dream, 2024).
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When students must declare a major upon application to a college or
university, they often do not yet understand what the course or career path
would be like in that discipline. This may lead to a desire to change majors
or may complicate their effort to navigate the curriculum. When students
do not need to declare a major until later, they sometimes make choices that
lead to a longer time to degree by not entering a course sequence at the start
of their undergraduate studies. When more students would like to choose
a major than the academic unit can support, the navigation gets even more
complex. Some majors are designated as limited enrollment, sometimes with
higher admissions standards, and students are restricted from choosing that
program or encounter restrictions on joining after enrollment. Programs
sometimes also choose to create other tools for managing the size of their
programs, such as setting GPA requirements, rules about credit accrual,
or academic performance in a specific course as a prerequisite for admis-
sion; these allow popular majors to manage their cohort and course sizes
(Nespor, 2012). Student decisions to repeat content or to enroll (or avoid)
remediation courses are potentially informed by their intended major and
their goals. For example, students intending to go into medicine are often
quite focused on GPA, and their grades in foundational STEM courses can
influence whether they are able to continue in their chosen field (Barr et
al., 2008; Lovecchio & Dundes, 2002; Stratton & Elam, 2014; Zhang et
al., 2020). These gatekeeping mechanisms often rely on courses that cross
departments, which can further complicate individual students’ pathways
(e.g., their experienced curriculum).

Because pathways do not necessarily follow a simple or linear pro-
gression, instructors and academic leaders would benefit from studying
course sequences to identify the coursework structure of STEM majors.
As an example, research on students’ pathways into and through chemical
engineering courses is shown in Figure 7-1. In their first year, students take
introductory and advanced general chemistry before progressing into their
chemical engineering coursework. At the start of their second year, students
take an introductory chemical engineering course, an “assessment” course
that includes the equivalency of a candidacy exam, and continue to progress
through organic chemistry. The initial chemistry sequence is a prerequisite
for introductory chemical engineering, the assessment, and the organic
chemistry course. These courses then yield a set of complex interdependen-
cies where organic chemistry is the gateway to chemical thermodynamics.
To be off track in only one set of interdependencies threatens to forestall
all of the momentum of a student in their coursework trajectory (Brown
et al., 2023).

Another important element to consider is the impact of departmental,
college, and university policies on student pathways through undergraduate
STEM learning. Numerous policies can impact students’ ability to begin or
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continue studying STEM, such as those related to course withdrawal, who
can repeat a course and what happens to the prior grade, cutoffs for course
passing, number of times a course can be repeated, limited enrollment major
policies, transfer articulations, and registration policies. Policies that mainly
apply to instructors also influence the extent of equitable and effective ef-
fective teaching (e.g., policies around how teaching evaluation is considered
in merit and promotion, approaches to evaluating teaching, expectations
of teaching from various faculty types, teaching professional development
expectations, resources for various levels of faculty that are teaching, rep-
resentation of faculty in various teaching roles in teaching decisions).

The Role of Teaching and Learning Environments

Learning environments play a key role in student learning, with quanti-
tative survey data and student interviews alike reinforcing that students fre-
quently encounter gendered or chilly STEM learning environments (Jorstad
et al.,2017; Marco-Bujosa et al., 2021; Wickersham & Wang, 2016). These
issues extend across settings and modalities, including in-person and online
courses, laboratory and field work experiences, and also as co-curricular ac-
tivities (e.g., Cayubit, 2021; Kaufmann & Vallade, 2022). While most stud-
ies focus on classroom learning environments, undergraduates frequently
engage in learning outside the classroom as well. Undergraduate research,
internships, and co-ops are common (e.g., the University of Toronto’s Pro-
fessional Experience Year,” cooperative education at Drexel University,’ the
co-op program at Northeastern University,” etc.). These approaches provide
opportunity for students to align experience in STEM alongside profes-
sionals in their disciplines and to clarify their career plans as they learn.
They also provide an opportunity for students to build on their interests in
alignment with Principle 2: Leveraging diverse interests, goals, knowledge,

and experiences.

Another approach that builds on student interests, goals, knowledge,
and experiences is competency-based education (CBE) or outcome-based
education (Chappell et al., 2020; Morcke et al., 2013). CBE allows stu-
dents to apply their prior knowledge and experience to attain a degree at
a more customized pace depending on their existing skills and knowledge
and level of support needs (Johnstone & Soares, 2014). CBE can sometimes

7 More information about the Professional Experience Year is available at https://undergrad.

engineering.utoronto.ca/experiential-learning/professional-experience-year-pey/

8 More information about Drexel cooperative education is available at https://drexel.edu/

academics/co-op

¥ More information about the co-op programs at Northeastern University is available at

https://www.northeastern.edu/experiential-learning/co-op/

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/28268?s=z1120

Transforming Undergraduate STEM Education: Supporting Equitable and Effective Teaching

STUDENT PATHWAYS THROUGH UNDERGRADUATE STEM CURRICULA

be a better fit for students who do not enjoy traditional classroom experi-
ences and would prefer to have a more self-directed learning experience
(Boyer et al., 2022). Some CBE programs are designed to help bridge the
college-to-career gap by giving learners the real-world skills needed for
their chosen profession. For example, South Texas College offered an Af-
fordable Baccalaureate Program!® beginning in 2014 that offered credit
for prior learning and experiences, such as training taken in the military
as well as a one-price model where students could take seven-week online
courses toward a bachelor’s degree in fields such as computer and informa-
tion technologies, medical and health services, technology management, or
nursing (Ashford, 2019). Western Governors University (WGU)!! works
entirely on a CBE model, where students pay a flat rate per session and can
earn as many credits as desired in six months.!? All courses are online but
offered via two different models. One study by WGU faculty found that
the “enhanced” online instruction afforded students more control over the
order and pace of the content, and practice and assessments were given in

various interactive formats (Gyll & Hayes, 2024).

Existing research on students’ learning and progress along STEM path-
ways concentrates on the classroom environment and the role of faculty.
These environments can shape a student’s experience and success, with
supportive, warmer environments resulting in greater beliefs in STEM
skills (e.g., Stack Hankey et al., 2019) and greater success overall (Starobin
et al., 2016). For commuter students, and for community college students
in particular, the classroom space tends to be the major (if not the sole)
venue where they engage with professors and fellow students on campus
(Deil-Amen, 2011). While community colleges are generally credited for
their positive learning environments (Allen et al., 2022), evidence is mixed
concerning the environments in CTE and STEM disciplines. Bahr et al.
(2023b) tested the impact of STEM environments on students leaving
STEM, even if they have demonstrated potential in their STEM courses.
The results of their multilevel logistic regression model of student data from
the community college system in California indicated complex experiences
with what they termed marginalizing environments. On the other hand, in
a small qualitative study, Berhane et al. (2023) showed that, at community
colleges, Black engineering students’ persistence and transfer pathways

10 More information about the Texas Affordable Baccalaureate Program is available at

https://er.educause.edu/articles/2015/4/the-texas-affordable-baccalaureate-program

' More information about Western Governors University is available at https:/nces.ed.gov/

ipeds/institution-profile/433387

12 More information about the course structure at Western Governors University is available

at https://www.wgu.edu/student-experience.html
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were bolstered by positive engineering environments that featured engaging

classrooms and strong advisor support.

Research using observations and student interviews suggested that
there are gendered experiences in CTE environments and that, although
such environments seemed supportive on the surface, women encountered
discriminatory interactions with peers. This ethnographic case study of
CTE students conducted at a mid-Atlantic community college identified
consistent female isolation, pedagogy denoted by traditional lecture and
a competitive classroom environment, and gendered language that invali-
dated women and their learning (Lester, 2010; Lester et al., 2016, 2017).
Because such experiences can make these students feel isolated and like they
do not belong or cannot succeed in STEM fields, they may lose confidence
or become disengaged in learning. These experiences have an added layer of
complexity for students with intersecting identities, such as women of color.
Choi’s (2024) narrative interviews of 12 current or former community
college Women of Color in STEM highlighted feelings of isolation as both
women and students of color, as well as pushing back on both gender and
cultural norms. While Allen et al. (2022) found similar gendered and racial-
ized experiences based on interviews with Black women in STEM starting
at community colleges, the experiences were concentrated at four-year
institutions after they transferred. Regardless of where these experiences oc-
cur, People of Color and/or women pursuing STEM disciplines often draw
on their resilience or other coping mechanisms to persist despite hostile
learning environments (e.g., Acevedo et al., 2021). These results collectively
show that teaching and learning in STEM remains a critical area in need
of revisiting to improve student pathways and success among these groups.

Empirical work on community college environments in STEM also fo-
cuses on faculty attitudes, behaviors, and interactions. For instance, Packard
et al. (2011) interviewed 30 female students in STEM from five commu-
nity colleges. Drawing on a phenomenological approach, findings revealed
faculty to be inspiring with their knowledge, experience, patience, caring
nature, and encouragement for these students, which helped them learn
and persist. Allen et al’s (2022) grounded theory study using 120 student
interviews in North Carolina showed that some students in STEM had posi-
tive classroom experiences like rewarding hands-on work and faculty who
encouraged their pursuit and success in STEM at the community college. In
another study, Jackson and Laanan (2015) applied hierarchical sequential
regression models on survey data from community college STEM transfer
students in a Midwest state. They found that students’ experiences with
community college faculty tended to yield a positive adjustment when trans-
ferring to a university. These findings collectively show that community
college faculty tend to play a supportive role as students navigate STEM

learning and pathways.
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Career and Technical Education Programs

In the community college context, CTE and STEM are distinct areas
with significant overlap (Michaels & Liu, 2020). STEM encompasses sci-
ence, technology, engineering, and mathematics disciplinary areas and their
subdisciplines and often denotes the academic transfer courses that are
aimed at building toward advanced STEM studies at a four-year institution
(Van Noy & Zeidenberg, 2017). CTE, also referred to as technical, occu-
pational, and vocational education (Kisker et al., 2023), spans from high
school into post-secondary education (Association for Career & Technical
Education, 2024). CTE fields represent a wide range of disciplines (e.g.,
health, business, manufacturing, etc.) focused on developing knowledge
and skills for industry needs.!3 CTE courses often lead to intact sub-bacca-
laureate-level credentials for entry into the workforce and are traditionally
not intended for transfer. That is, “CTE provides occupational prepara-
tion and training that often culminates in shorter-term credentials such as
certificates; it may or may not provide credits that can be used for college
degrees” (Dalporto & Tessler, 2020). However, in more recent years, there
has been a growth in offerings that are transferrable at the baccalaureate
level (Bragg & Soler, 2017; Bragg et al., 2022; Makela et al., 2012; Wright-
Kim, 2022).

There are various pathways through CTE programs, including tradi-
tional certificates, diplomas, associate degrees, and even bachelor’s degrees
(Van Noy & Zeidenberg, 2017). Stackable credentials, also known as
microcredentials, are sequential qualifications that students can build on
toward higher-level credentials (Bohn & McConville, 2018; Perea, 2020);
they have also emerged in recent years as additional routes students can
take in CTE. Career pathway programs represent yet another route, this
one involving partnering with local employers; these do not require students
to leave their jobs for extended periods (Soliz, 2023). Instead, career path-
ways provide interconnected programs that lead to credentials but allow
students several points of departure if they want or need to return to their
jobs (Soliz, 2023).

13 Based on the definitions by the National Center for Education Statistics and the Associa-
tion for Career & Technical Education, CTE includes agriculture, arts and communication,
natural resources, business, management, finance, communications, computer and information
sciences, construction, education, engineering, architecture, health sciences, hospitality, manu-
facturing, marketing, protective services, and transportation, to name a few (Association for
Career & Technical Education, 2024; National Center for Education Statistics, n.d.a).
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Experiences of Diverse Student Populations

Students’ prior knowledge influences how they learn (as reflected in
Principle 2: Leveraging diverse interests, goals, knowledge, and experi-
ences). Students from underrepresented backgrounds in STEM pathways
encounter disparate experiences within and beyond the classroom. Research
reveals that students of color, women, older students, and individuals with
mental health and learning challenges have unique experiences in these dis-
ciplines that impact how they learn, progress, and succeed (Hurtado et al.,
2008) Empirical work focused on students of color in STEM, particularly
Black and Latina/o students, is limited but growing. This line of research
illuminates both similarities with and departures from general community
college student experiences in STEM. Qaqish et al.’s (2020) narrative exam-
ination of interviews with 13 Black engineering students revealed the role of
community with other students and faculty in facilitating their learning suc-
cess. Qualitative research on Black students in STEM more broadly points
to cultural, science, and STEM identities as important elements that bolster
their experiences and success (Garcia et al., 2019; Jackson Smith, 2016).
With regard to Latina/o students, existing evidence tends to underscore
the invalidation that this group encounters, such as unsupportive faculty,
limited guidance and mentoring, and a lack of sense of belonging (Acevedo
et al., 2021). This requires that these students rely on their resilience, resis-
tance, and aspirations to persist in STEM (e.g., Acevedo et al., 2021; Choi,
2024; Lawson & Fong, 2024; Rincon et al., 2020). Rincon et al’s (2020)
phenomenological study based on 16 student interviews suggests that that
Latinx students in STEM resisted institutional values and expectations that
focused on the individual and instead centered community to persist. Simi-
larly, women and women of color in STEM navigate complicated commu-
nity college environments. Starobin and Laanan (2008) analyzed interviews
with women in STEM from two community colleges and discovered that
women encountered stereotypes or a lack of support in pursuing STEM.

Based on their analysis of a national sample from the Community Col-
lege Student Experience Questionnaire, Strayhorn et al. (2013) revealed
that Black and White students in STEM were more satisfied with their
community college experience than Latina/o students. At the same time, the
researchers also found that Latina/o students experienced greater learning
gains compared with their White counterparts. These findings suggest that
learning and experiences are complicated, warranting additional research
to unpack these variations across different student identities. Berhane et
al. (2023) conducted interviews and focus groups with Black community
college students in engineering and found that the students felt largely sup-
ported by their community colleges, particularly with regard to personal
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connections with faculty and advisor guidance in navigating and securing

institutional resources.

There is limited but growing work on adults in STEM/CTE programs.
Based on interviews with 18 adult students who transferred from a com-
munity college into engineering at a four-year institution, Allen and Zhang
(2016) found that these students were highly motivated and strategic in
navigating STEM pathways and learning. These students still encounter
learning environments that impact their sense of belonging and confidence
in their ability to succeed, as revealed in Wang’s (2020) mixed methods lon-
gitudinal study, which showed that adult students studying STEM pointed
out that their classrooms and course activities tended to be designed with
traditional-aged students in mind. As a result, being in learning spaces
that do not recognize and value the adult student experience can nega-
tively shaped those students’ self-perceptions as learners. This is an op-
portunity for institutions and faculty to push back on these narratives of
adult students and instead provide evidence and encouragement that they
can equally succeed. For community college students, for whom there is a
greater prevalence of non-academic responsibilities such as employment
and family care (Baugus, 2019; Bryant, 2016; Deil-Amen, 2011; Lovell,
2014), payoff, fit, transferability, place, flexibility, and mobility are impor-

tant factors (Wickersham, 2020).

The prevalence of students with disabilities in the undergraduate popu-
lation continues to grow, and colleges and universities are working to
adapt and support these students (Center for Higher Education Policy and
Practice, 2024a; Chini, 20243; Perez & Johnston, 2023). The programs
and supports currently available vary widely; disability resource or service
centers are now common, and there has been an increase in focused sup-
port programs, sometimes at an additional cost on top of tuition (Aquino
& Scott, 2022; Kravetz & Wax, 2023; Li et al., 2023; Rush, 2023; West,
2019). Online courses and programs for students with disabilities are also
receiving increased attention (Center for Higher Education Policy and Prac-
tice, 2024b). Looking at a nationally representative sample of students with
autism spectrum disorder who majored in STEM, Wei et al. (2014) found
that these students were more likely to persist and transfer as compared
with their counterparts in non-STEM fields. Interviews with CTE instruc-
tors at two community colleges revealed that faculty were challenged by
how to best support disabled students during college and transition them
successfully into the workforce, but they also recognized the value of
the innovative insights these students can bring CTE programs and fields
(Nachman, 2024). A study drawing on qualitative interviews with students
with high-incidence disabilities in STEM (Friedensen et al., 2021) showed
that those who had attended a community college commented on the strong

support they received there.
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Holistically supporting the diverse needs of underserved students in an
equitable way requires funding, with external funding a common source.
Federal programs such as TRIO (U.S. Department of Education, 2024b)
and the Building Infrastructure Leading to Diversity (BUILD) initiative (U.S.
Department of Health and Human Services, 2024) are examples of exter-
nally funded programs that provide wrap-around support for students as
they enter and proceed through higher education. TRIO includes eight fed-
eral programs for low-income individuals, first-generation college students,
and individuals with disabilities. The TRIO programs include Upward
Bound Math-Science (U.S. Department of Education, 2023) and Ronald
E. McNair Postbaccalaureate Achievement (U.S. Department of Education,
2024a), among others. Programs such as these can provide the practices
that have been shown to promote STEM identity, persistence, and inten-
tion to proceed in STEM education and careers (Linn et al., 2015; National
Academies, 2019b; Ramos et al., 2024), and academic success (Aikens et al.,
2017; Atkins et al., 2020). Examples of these practices include undergradu-
ate research experiences, mentoring, cultural events, and financial literacy
support (U.S. Department of Education, 2024b). Similarly, the National
Institutes of Health funds the BUILD initiative to promote innovative strat-
egies and programming to enhance representation in biomedical research
careers. Mentoring and exposure to research are focal points for these
programs as well (U.S. Department of Health and Human Services, 2024).
Collectively, these programs can address the holistic needs of students,
supporting them in their learning pathway through undergraduate STEM
and as they journey toward careers in STEM or postgraduate education.
Despite their demonstrated successes, only a fraction (approximately 10%
for TRIO programs) of eligible students have opportunities to participate
in these types of externally funded programs (Kisker et al., 2023).

Other funding opportunities focus on more specific populations or
disciplines. For example, Opportunities for Enhancing Diversity in the Geo-
sciences, a funding program at the National Science Foundation, ran from
2001 to 2013, granting over $50 million to approximately 200 projects
that spanned a wide range of audiences, institution types, and strategies
(Karsten, 2019). One of the commonly employed strategies that addressed
barriers to participation is building pathways into and through the geosci-
ences at two-year colleges and Minority Serving Institutions. These path-
ways were only effective and sustained beyond the grant period, however,
through authentic institutional collaborations and partnerships in which
each institution (and their representatives) are full, respected partners.
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TRANSFER BETWEEN INSTITUTIONS

Community colleges and technical colleges provide educational oppor-
tunities for a large segment of the U.S. population: nearly half of first-time
undergraduate students are enrolled in community colleges (Mountjoy,
2022). Community colleges typically offer associate (two-year) degrees
and certifications, and many community college students plan to transfer
to four-year colleges/universities to obtain additional degrees (bachelor’s,
master’s, and others). However, the transfer process looks different de-
pending on the institutions involved, state educational policies, and other
critical factors. In many cases students who have completed courses with
good grades at community colleges have trouble receiving credit for these
learning experiences at the institutions where they wish to transfer. These
receiving institutions are often not as supportive in helping students to
navigate continued STEM study as they could be (Jabbar et al., 2021; Thiry
et al., 2023).

Without intentional support and intervention, students pursuing STEM
education through community and technical colleges tend to experience low
completion and transfer rates. For all fields of study, national data reveal
that 16 % of students who start at community colleges attained a bachelor’s
degree within six years, despite 80% saying that was their goal (Van Noy
& Zeidenberg, 2017). National enrollment data show that of all transfer-
aspiring students aiming to major in STEM, only about 12% ended up
transferring into a STEM major within six years (Wang, 2013a). This pat-
tern has persisted through the years, with some state-level estimates demon-
strating STEM transfer to hover around 7% within three years of starting
at community college and STEM bachelor’s degree completion to be even
lower among all entering transfer-intending students, barely 4% (Fink et al.,
2024). There are disparities in outcomes based on race and ethnicity. Fink
et al. (2024) report that states with the largest share of community college
students who are low-income, Black, or older fall below the national aver-
age in terms of bachelor’s completion rates. Velasco et al. (2024) report that
10% of Hispanic students who begin and finish at a baccalaureate-granting
institution earn a degree in science and mathematics; only 6% of Hispanic
students who transfer from a community college and graduate with a bach-
elor’s degree earn one in a science or mathematics discipline.

These outcomes suggest a continued misalignment between access and
success and reflect the fact that students’ goals continue to be (dis)served by
a highly complex, convoluted STEM transfer system (Taylor & Jain, 2017;
Wang, 2020; Wickersham, 2020). This system includes limited program
and/or transfer structures (Bailey et al., 2015a) and a variety of momentum
and friction points (Wang, 2015, 2017). Research on post-STEM transfer
experiences suggests one issue may be a less supportive overall environment
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for students at receiving institutions. Many students reported their commu-
nity college spaces to be more positive and supportive than the institutions
they transferred to (Allen et al., 2022). These findings align with work by
Flores et al. (2023), who conducted 12 focus groups with students and
found that transfer students pointed to faculty attitudes and behaviors in
STEM that created a hierarchical, competitive environment that ultimately
marginalized transfer students. Elliott and Lakin’s (2020) research further
revealed that faculty assumptions of students’ prior knowledge resulted in
a challenging and marginalizing learning environment. Focusing on com-
puting in particular, Blaney et al. (2024) combined surveys and interviews
with women transfer students in southern California, bringing to light a
lack of receptive environments experienced by students in this discipline
post transfer. This evidence largely indicates that post-transfer STEM learn-
ing spaces continue to present significant challenges and friction points for
community college students.

Over the past few decades, many states have improved formal part-
nerships and articulation agreements in an attempt to facilitate transfer
pathways and make it easier for students to continue their studies after
community college. These partnerships and articulation agreements often
serve as major factors that support pathways into STEM departments and
majors. For example, in Georgia, core courses that are taken and passed at
community colleges within the University System of Georgia (USG) auto-
matically transfer to any four-year institution in the state system provided
that the major is the same (University System of Georgia, n.d.). Two-year
transfers from outside USG must go through equivalency evaluation to see
if credits are accepted and used to satisfy degree requirements. For transfers
from community colleges to private institutions, the policies and procedures
will be determined at an institutional level. In recent years, transfers from
technical colleges (where the focus is on learning technical skills and practic-
ing skills needed for the workforce) to four-year institutions have increased,
suggesting that students who desire higher education have myriad options
as to how they access, navigate, and curate their educational pathways.

There are several aspects of articulation agreements that can be targeted
to better support equitable and effective outcomes for students across in-
stitution types. Partnerships in which instructors form relationships across
institutions and develop an understanding of the student populations and
their goals and experiences seem to lead to better supports and resources
to help students navigate the transfer and ultimately earn a degree. An ex-
ample of this type of multi-institutional program pathway is the (STEM)
network, a five-institution consortium consisting of two community col-
leges and three private institutions located on Long Island, New York.
This consortium leverages the proximity of the five institutions to increase
pathway opportunities for students within the network (Santangelo et al.,
2021b). Faculty from all five institutions play a critical and intentional role
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in defining and refining pathways for students, and strong collaboration
and shared input are central to the success of this model. Another factor
to consider is that not all colleges and universities offer all STEM fields of
study. This is of particular interest for engineering. Multiple examples exist
of “3-2” programs for engineering where students start at one institution
and take general education as well as science and mathematics prerequisite
courses during their first three years of undergraduate study and then move
to another institution for two years to enroll in engineering-specific courses
and ultimately earn a bachelor’s or master’s engineering degree; these pro-
grams feed from hundreds of mainly small colleges to universities such as

Columbia University and Washington University in St. Louis.'*

SUMMARY

Numerous small studies have been done that help increase under-
standing of pathways different student populations take in and through
undergraduate STEM. These studies often focus on the supports provided
by specialized programs designed to help defined student populations.
While the experiences and results are often positive much work remains to
determine how to adapt the useful insights from this type of work to larger
systemic change efforts. Numerous analyses have examined student moti-
vation and transitions from high school to post-secondary education and
found variations in experiences between different subpopulations of stu-
dents. Dual enrollment, CTE programs, and transfer pathways all illustrate
the critical role that community colleges play in the overall undergraduate
STEM education system. Increased attention by instructors and administra-
tors to the preferences and circumstance of the large numbers of students
who participate in these programs and pathways has the potential to help

improve STEM learning experiences for many students.

Conclusion 7.1: Students in science, technology, engineering, and math-
ematics take many paths through the higher education landscape, in-
cluding transitions within and across institutions and use of different
modalities (e.g., online courses, hybrid/byflex, in-person instruction,
internships, and apprenticeships). Although the availability of diverse
pathways provides choices and options for students, it also increases
the complexity of their learning experiences. This diversity in learning
experiences makes it even more important to employ equitable and ef-
fective instructional practices that are responsive to students’ interests

and previous experiences.

14 For example, https:/brownschool.washu.edu/academics/3-2-programs/ and https://gustavus.

edu/engineering/dual_degree.php
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Conclusion 7.2: Transitions from high school to post-secondary and
from community colleges to baccalaureate-granting institutions are
challenging for students to navigate and can exacerbate existing ineq-
uities. Mentorship, guidance, and support can facilitate the transitions,
help students make informed decisions about their own learning, and
potentially address inequities.

Conclusion 7.3: Students who transfer between institutions are often re-
quired to repeat courses because policies at the receiving institution (a)
do not accept credits due to a perceived lack of quality, (b) are complex
and hard to navigate, and (c) do not provide sufficient orientation and
support for newly arrived students. Obstacles to smooth transfer path-
ways from community colleges to baccalaureate-granting institutions
are likely to disproportionately impact first-generation, low-income, or
minoritized students, further exacerbating their already disproportion-
ate representation.

Conclusion 7.4: Career and technical education (CTE) is an important
pathway to science, technology, engineering, and mathematics jobs. CTE
programs often work collaboratively with industry advisory boards and
employers to gain information that instructors and academic units can
use for the backward design of competency-based curricula.
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Supporting Equitable and Effective
Teaching Through Ongoing Professional
Learning and Development

This chapter builds in particular on the work of Chapter 4, which
details the seven Principles for Equitable and Effective Teaching in under-
graduate undergraduate science, technology, engineering, and mathematics
(STEM) education, and Chapter 5, which provides examples of ways in-
structors can use the Principles. The present chapter focuses on the critical
importance of professional learning and development (PLD) as part of a
process of continuous improvement that seeks to achieve equitable and
effective teaching in undergraduate STEM education. Continuous improve-
ment is the long-term collective effort to make sustainable change based on
data collection and analysis informing iterative cycles of change (Langley et
al., 2009; Park et al., 2013; Shakman et al., 2020). PLD for equitable and
effective teaching can provide instructors and leaders with critical lessons,
guidance, and supports needed to confidently apply the Principles to their
teaching practice as a component of their work and their institution’s work
toward continuous improvement.

The term PLD describes a range of formal experiences such as seminars
and conferences, as well as less formal activities such as reading groups or
peer mentorship that grow knowledge, skills, and abilities through com-
munity interactions or via self-directed learning activities (Nowell et al.,
2018). Professional learning is focused on the active, social, and inquiry-
based learning involved within professional success and includes the ways
that instructors grow based on collaboration, reflection, combinations of
experiences, and curiosity without a formal course or predesigned trajec-
tory (Caffarella & Zinn, 1999; Webster-Wright, 2009). Continued engage-
ment in PLD in general has many advantages over one-time workshops
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(Bickerstaff & Cormier, 2015), and many effective programs are modeled
after the idea that one workshop or intensive experience is not sufficient,
and, rather, it is constant engagement in a community that supports changes
in behavior. Instructors within STEM education have reported engaging in
ongoing informal discussion with peers in the community to be beneficial
in the long term (Chadha, 2022). We discuss PLD here as a key tool in the

effort to improve undergraduate STEM teaching.

This chapter starts with a discussion of the critical need for ongo-
ing PLD for equitable and effective education throughout an instructor’s
teaching career. It calls out the need for professional learning to encompass
all instructor types, including VITAL instructors and even undergraduate
learning assistants. It then presents approaches to developing common
values and goals for teaching. Following this, we present short comments
on some of the topics on which STEM instructors need expertise, including
how students learn, course design, classroom practices, and equitable and
effective teaching strategies. The chapter goes on to discuss methods for
professional learning, including both formal and informal approaches. The
important role of community in professional learning is explored, primarily
through examples of ways instructors can connect with each other through
professional societies and national networks, as well as locally within their
academic unit or institution. The current and potential future role of digital
tools and communities in professional learning is specifically called out as
a promising method. The chapter concludes with some specific thoughts on
how PLD for equitable and effective education can play a role in preparing
future faculty, including some research on graduate students. Together, all
of these approaches can help support instructors in developing and using
equity-minded pedagogical practices and thereby support institutional ef-

forts toward continuous change.

CURRENT NEED FOR PROFESSIONAL LEARNING

Many instructors have never received formal instruction in how to
teach, in the science of learning, in how to assess learning, or in proven
strategies to use in the classroom, laboratory, etc. Given the research show-
ing that professional development for instructors in linked to student suc-
cess, there is a clear need to engage instructors in PLD (Biswas et al., 2022;
Wheeler & Bach, 2021). Ongoing educational development can increase
awareness of equitable teaching practices, increase self-efficacy in imple-
mentation, and provide opportunities for the instructor to obtain feedback
about, reflect on, and refine their teaching practices (Biswas et al., 2022;
DeChenne et al., 2015; Duncan et al., 2023; O’Leary et al., 2020; Wheeler

& Bach, 2021).
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Lack of Preparation for Instruction

Learning how to teach has not been part of the core curriculum of
STEM graduate education historically, even for those who act as graduate
teaching assistants or are interested in future academic careers that involve
teaching undergraduates. Instructors may have not been exposed to or had
the opportunity to learn equitable and effective STEM teaching approaches,
or to learn evidence-based teaching approaches or how the teaching ex-
perience might vary at different types of institutions (Gardner & Jones,
2011). For instance, a significant number of Ph.D. graduates teaching at
community college feel less prepared than their counterparts working at
research universities (Mitic et al., 2023). Additionally, because of variability
in the value that institutions place on being an effective teacher, graduate
teaching assistants and postdoctoral fellows might be dissuaded from pur-
suing opportunities to improve their teaching. This lack of opportunity to
develop teaching skills can lead to situations where novice instructors lack
the resources, guidance, and support needed to develop skills for equitable
and effective teaching. Such a lack results in instructors teaching the ways
they were taught, even if those approaches are not effective or equitable.

This cycle has its roots in a history of hyperfocus on content delivery
approaches, which conflict with what is now known about how people
best learn (National Academies of Sciences, Engineering, and Medicine
[National Academies], 2018). This focus on content delivery is bolstered
not only by these patterns of teaching how the instruction was taught—pat-
terns that could be shifted with the help of PLD—but by the pressure felt by
instructors to cover as much content as possible in the discipline (Oleson &
Hora, 2014). This pressure can lead to overreliance on didactic approaches
such as lecturing. For some disciplines, expectations about what is required
for accreditation might lead to instructors teaching for content coverage
rather focusing on equitable student learning outcomes, but it is a common
pressure across all STEM disciplines (Tripp et al., 2024). This pressure to
focus on content can be much stronger than any guidance instructors may
receive through their limited PLD experiences. The history and culture of
high-stakes testing in STEM as a conventional practice continues to exist
even when it has been shown to lead to inequities, and many faculty may
not be fully aware of the implications of their testing decisions on student
experiences (Ballen et al., 2017; Cotner & Ballen, 2017; Odom et al.,
2021). Even when PLD is available to help instructors change their teach-
ing, instructors at some colleges and universities may face political forces
that make it more challenging to apply these approaches to support all
students. Instructors who do not engage in PLD do not have the motivation
or support to reflect on their current teaching practices and interrogate their

assumptions or develop new, more evidence-based ways to teach.
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Improving Your Teaching

Engaging in ongoing PLD can benefit both new and experienced STEM
instructors in different settings. Through further educational development,
instructors at colleges and universities across ranks and appointment types
can come to more equitable approaches to teaching than perhaps they
experienced in their own time as students. As described in Principle 7:
Intentionality and transparency, enacting equitable and effective teaching
requires institutions, departments, and disciplinary societies to adopt a level
of intentionality to ensure its presence in the classroom. They can do this by
creating a culture that embraces ongoing PLD for all instructors by provid-
ing institutional structures and supports for educational development that
are systematic (e.g., through centers for teaching and learning) and support-
ing initiatives in which instructors are expected to engage as part of their
job responsibilities. Disciplinary professional societies can play key roles
in providing educational development in equitable and effective teaching
within disciplinary contexts, which can support those facing local political
challenges. For example, it can be easier for an instructor to present ideas
for change that others have published or shared and ask their colleagues to
consider them than to share their own ideas directly. The Vision and Change
approach (explained more fully in Chapter 6) is one model that uses this
strategy to push change in life science departments (American Association
for the Advancement of Science, 2009).

There are also challenges to address around PLD. Competing priorities
within institutional rewards systems, such as lack of emphasis on quality
instruction and lack of accountability to teach equitably, can hinder imple-
mentation. Even when PLD is available to help instructors change their
teaching, instructors at some colleges and universities may face various
forces that make it more challenging to apply these approaches to support
all students. Recognized barriers include the need for time to engage in the
professional development itself, a lack or reward for engaging in PLD, and a
pressure to devote time to other responsibilities (Addy et al., 2021b). There
are also disparities in professional development opportunities between
different types of institutions or for instructors with different roles or ap-
pointment types. For example, VITAL educators are often left out of PLD
opportunities (discussed in more detail below). Although many students
from two-year institutions enter the STEM workforce, PLD opportunities
are often lacking for instructors who enter such institutions directly from
industry or from non-teaching positions in academic research (Frady, 2023;
Twombly & Townsend, 2008).

Some institutional promotion, tenure, and review systems may discour-
age exploration in teaching, and this could discourage some instructors
from taking the initiative necessary to transforming their practice to more
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equitable teaching approaches. Because of this lack of emphasis on improv-
ing instruction, graduate students, postdoctoral fellows, and faculty might
need to seek out campus resources such as centers for teaching and learning
or external support on their own accord or never engage in PLD.
Successful PLD involves instructors knowing the diverse attributes that
their learners bring to their courses and having the flexibility to adapt to
the needs of changing student populations. Also important is instructor
awareness of the powerful influence that various socio-psychological phe-
nomena—such as growth mindset, sense of belonging, microaggressions,
stereotype threat, imposter phenomenon, and trauma—can have on the
classroom experiences of diverse learners as well as instructors themselves
(related to Principle 3: Affective and social dimensions). Awareness and
responsiveness to the diverse assets that students bring to their courses can
support equitable and effective learning (see Principle 2: Leveraging diverse
interests, goals, knowledge, and experiences and Principle 4: Identity and
a sense of belonging). As instructors engage in ongoing PLD and reflect on
their own identity, power, and privilege, they are better able to understand
how those have an impact on their teaching and make changes in their
approach to create an equitable, student-centered teaching environment.

Including and Supporting VITAL Educators

One of the communities that is often excluded from intentional PLD
are VITAL instructors, despite the fact that they make up over two-thirds
of post-secondary instructors (American Association of University Profes-
sors, 2023). Because of the nature of their positions, VITAL educators may
not be involved in the planning or decision making about when and how
PLD is offered and thus may not be able to participate or fully engage. In
many cases, these instructors have fewer institutional connections and less
available time to connect with their academic units. They may also be new
to teaching and sometimes hired immediately prior to the start of a term,
resulting in less time to properly prepare. In addition, their academic units
and institutions may not be providing them with any incentive to improve
and may have low expectations for their participation or not provide com-
pensation for time spent on PLD. And yet, their professional development
is critical to advancing equitable and effective teaching in STEM (e.g., Lee
et al., 2023) and academic units can play critical roles in the PLD for VI-
TAL educators. Kezar (2013) describes various departmental cultures and
their influences through 25 case studies. The study describes three depart-
ments that provided VITAL instructors with an orientation, mentoring,
and course materials such as syllabi, and teaching expectations to support
student learning as having a “learning culture.” When VITAL instructors are
teaching courses with multiple sections that have coordinators there may
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be structures and opportunities to engage them in professional learning
and development (more information on course coordinators and PLD is in
the section on community, below). Box 8-1 discusses concentrated efforts
to increase support for this important group of educators in other ways.

KEY TOPICS FOR PROFESSIONAL LEARNING

Much work has been done to understand how instructors learn how to
teach effectively (Shulman, 1986). The development of subject matter and
pedagogical knowledge concurrently is critical since the two knowledge
areas influence each other and together contribute to the development of
the instructors’ pedagogical content knowledge, e.g., the knowledge of how
to teach specific subject matter (Andrews et al., 2022; Grossman, 1990).
Fernandez-Balboa and Stiehl (1995) found that college instructors develop
their expertise in teaching through their expanding understanding of the

BOX 8-1
Supporting VITAL Educators

The Pullias Center for Higher Education was established in 2012 and has
led a number of initiatives and created resources that support the work of VITAL
educators, which include visiting faculty, instructors, teaching assistants, adjunct
faculty, and lecturers, as defined in Chapter 1. The Pullias Center has recognized
institutions for their support for non-tenure-track faculty through the Delphi Proj-
ect, which focuses on better understanding trends in the instructional workforce.
Several of these institutions have notable initiatives for VITAL educators within
STEM disciplines and can serve as models for other institutions.

Embry-Riddle Aeronautical University’s Rothwell Center for Teaching and
Learning Excellence is a professional development series for adjunct faculty.
The Rothwell Center for Teaching and Learning supports their VITAL faculty by
requiring PLD and facilitating several other initiatives such as short workshops
(synchronous and asynchronous), individual consultations, and faculty learning
communities.

The University of Colorado Boulder’s Center for STEM Learning Transform-
ing Education, Supporting Teaching and Learning Excellence (TRESTLE) initiative
is “a 7-institution NSF-funded project to support improvements in undergraduate
STEM education through (1) supporting course design projects, (2) enhanc-
ing educational expertise in departments, and (3) building communities within
and across campuses to enhance the impact of local experts.”? The TRESTLE
initiative consisted of several components to support VITAL educators in STEM
disciplines: discussion groups, annual symposia, course development grants, and
faculty learning communities.

@ https://www.colorado.edu/csl/trestle-0
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subject matter, their learners, instructional strategies, the contexts in which
they teach, and their teaching beliefs and purposes. There is some evidence
that STEM instructors develop teaching expertise largely through their
experiences teaching and through reflection on whether student outcomes
have been achieved (Lawrie et al., 2019). PLD is important in that it can
help instructors develop an understanding of how people learn, how to
use teaching practices with intentionality, and how to use equitable and
effective approaches. The key topics for professional learning discussed in
this section are important in part because they address some of the major
barriers to implementing the Principles for Equitable and Effective Teach-
ing. Instructors describe major personal and institutional barriers that can
interfere with the adoption of equitable and effective teaching (Addy et
al., 2021b). Personal barriers include not having an awareness of inclusive
teaching approaches, not being aware of the diversity that exists within
their student population, not noticing the classroom climate or its impact
on students, not recognizing their own biases, a fear about making mistakes,
not wanting to change teaching practices, not wanting to be responsible,
and not knowing how to manage student-student interactions that were not

inclusive (Addy et al., 2021b).

Institutional barriers include not being supported by administration, in-
adequate resources (including professional development), lack of incentives
as tied to institutional rewards systems that place less emphasis on effective
teaching, lack of diversity among instructors, racism, and sexism, as well as
a lack of time to discuss inclusive teaching (Addy et al., 2021b). Notably,
the findings of Addy et al. (2021b) highlight how some instructors express
needs for more PLD and rewards systems that value equitable teaching.

All instructors need guidance and support to overcome barriers and
develop expertise and a level of comfort with evidence-based instructional
practices. As Chapter 5 discusses, the Principles can be used to design for
learning and to create productive student-centered learning environments.
While all of the topics mentioned in Chapter 5 are relevant, here we focus
on some central topics of PLD as it promotes equitable and effective teach-
ing that have been studied in the context of professional learning: course
design, classroom practices, and awareness of beliefs, values, and position-

alities related to teaching.

All of these important topics of PLD address a critical aspect of equi-
table and effective teaching practices, which is that the instructor does not
simply know about them but also knows how to implement them. PLD that
centers on the following topic areas, as well as others, can provide oppor-
tunities for instructors to learn to apply practices that have the potential to

interrupt inequitable experiences.
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Course Design

When designing for learning, a critical step is to develop clear learning
goals for students and to use these in course design. Decisions about course
content are naturally included in course design, but many other features and
approaches also need to be considered when planning a course. Yee et al.
(2023c) did a national survey and a large analysis of providers (for more
information see the section below on Providers of Professional Learning
and Development) of PLD to mathematics instructors to see what topics
were critical for novice graduate students taking on an instructor role.
These topics have broader relevance for all instructors, and some of the
most critical topics were identified as learning how to (a) notice and manage
challenges to equity, access, and success among undergraduates; (b) initiate
and sustain a productive classroom culture; (c) use strategies to promote and
facilitate collaborative learning; (d) foster student in-class engagement; (e)
use methods for promoting whole-class discussion; (f) recognize teaching
practices that create a sense of belonging among students; and (g) imple-
ment self-assessment in teaching (Yee et al., 2023c, p. 421). This list was
used for an exercise by PLD providers in which they were asked to consider
the needs of novice mathematics instructors and to sort and rank the goals
accordingly. For graduate students learning about how to teach, these topics
can be covered by PLD providers and can often be made more specific by

laboratory and course coordinators.

Classroom Practices

Beyond course content topics, providers also strive to develop equitable
and effective classroom practices by (a) using direct instruction, (b) using
teacher questioning, and (c) actively engaging students in their own learn-
ing (see Chapter 3 for more on active learning). Reinholz’s (2023) book
on equitable and effective teaching discusses how teaching practices might
be changed using what, how, and why questions, while McConnell et al.
(2017) provide specific methods to incorporate active learning strategies.
Rogers et al. (2022) identified three specific active learning strategies that
were natural on-ramps for novice instructors (quick poll, think-pair-share,
and conceptually based teacher questioning tasks). The College Math-
ematics Instructor Development Source (CoMInDS, 2020) resource suite
provides full lessons in chemistry, physics, statistics, and mathematics that
help PLD providers (who educate teaching assistants) to incorporate equi-
table and effective classroom practices. CoMInDS emphasizes Principle 7:
Intentionality and transparency in the use of PLD so that graduate students
understand the learning goals and objective of the practices. Additional
classroom practices are described in the section of Chapter 5 on actively

engaging students.
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Awareness of Beliefs, Values, and Positionalities Related to Teaching

A STEM instructor who recognizes issues of power and privilege that
are present in their classrooms and how their own identities and biases can
impact their teaching and student learning (related to Principle 4: Identity
and a sense of belonging) is better prepared to create equitable and effec-
tive learning experiences that allow students from diverse backgrounds to
thrive. Awareness of beliefs, values, and positionality can be gained through
opportunities that engage instructors in self-reflection on their role in the
classroom, and on the significance of their own race, gender identity, or
culture and how these intersect with the reasons they choose and imple-
ment certain teaching approaches. Additionally, instructors can informally
observe peers teaching in classrooms that integrate evidence-based prac-
tices that promote equity and reflect on their own instructional efforts.
PLD opportunities that support instructor self-reflection and self-awareness
have the potential to enhance their future implementation of inclusive
teaching approaches. One example of an opportunity along these lines
is the conference called Opening the Pathway held as part of a National
Science Foundation (NSF) Advanced Technological Education project. At
this conference, participants learned about inclusive and Universal Design
for Learning (UDL)-aligned course design (UDL is described in Chapter
5). They discussed and practiced effective pedagogical practices such as
case-based learning that could be used in an introductory biology course
and that would be particularly useful for deaf and hard of hearing students
(Orndorf et al., 2022).

Multiple approaches can help instructors take steps toward changing
their practice to be more equitable. One important step is for instructors to
reflect on their instructional practices (Principle 5: Multiple forms of data).
Obtaining feedback on course materials and sites can support reflection.
Other possibilities include gathering feedback from courses by administer-
ing formative, anonymous mid-course surveys with items focused on the
equity-minded approaches implemented, or having small group instruc-
tional feedback sessions conducted for a course. Instructors can maintain a
teaching journal to document their own observations about their equitable
teaching. Observing peers can also support instructors in reflecting on
their own practices, as well as informing discussions and PLD experiences.
Mentorship or peer partnerships can also provide opportunities to discuss
teaching with colleagues.

It can sometimes be arranged for experts to observe class sessions and
provide insight to instructors. An important aspect of the holistic review
of teaching discussed in Chapter 6 is classroom observation in which in-
structors get feedback on their pedagogy from experts. Multiple classroom
observation protocols have been developed to formalize observations such
as the Classroom Observation Protocol for Undergraduate STEM (Smith
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et al., 2013), Equity Quantified In Participation (EQUIP; Reinholz et al.,
2020), and the Protocol for Advancing Inclusive Teaching Efforts (Addy et
al.,2022). While they can be used to provide formative feedback to instruc-
tors there are challenges in using them in a systematic and consistent way.!
Challenges may include lack of buy-in from instructors and departments
if there is no clear institutional strategy making this a priority, as well as
lack of staffing and capacity to conduct these observations. At research in-
stitutions, heavy emphasis on research can create competing priorities with

teaching; thus, usage is not typically widespread.

Observations and reflections can provide insights into pedagogical ap-
proaches and foster changes to improve equitable and effective teaching.
Instructors can use tools in a diagnostic manner to identify which teaching
approaches they currently favor and to consider opportunities for future
instructional techniques. Instructors can also set equity goals and reflect
over time on how their practices have changed and whether they are achiev-

ing their aims.

TECHNOLOGY AND PROFESSIONAL LEARNING

The work of teaching has become increasingly multifaceted, demanding
much more from an instructor than simply “delivering” content. As active
learning and other evidence-based practices have become more understood
and accepted as strategies to support student learning, instructors have
started learning ways to adapt their teaching. The increasing use of tech-
nology in education has also required instructors to learn and adopt new
tools, from gradebooks that are now part of a learning management system
to smart screens/boards, computerized testing, simulations for laboratory
experiments, the integration of artificial intelligence (Al) into assignments
and curriculum design, and communication tools that have propelled hy-
brid and flex formats for courses. Instructional technologies will continue
to emerge and change, requiring all educators to be continuously learning

and adapting their teaching.

Technology will continue to impact teaching and learning, and instruc-
tors will need to continue to develop and refine their expertise on how to
integrate such tools within their disciplinary contexts as new technologies
emerge (Chai et al., 2013; Dysart & Weckerle, 2015; Fernandez-Batanero et
al., 2022; Jaipal-Jamani et al., 2015; Keengwe et al., 2010; Kyei-Blankson
et al., 2009; Manduca et al., 2017; Mercader & Gairin, 2020). Research
suggests that the degree to which instructors use digital tools depends on
factors such as their knowledge of how to incorporate them within their
particular contexts, the discipline in which they teach, and policies at their

! Matthew Hora, presentation to the Committee, 2023.
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institution (Marcelo & Yot-Dominguez, 2019). The Technological Peda-
gogical Content Knowledge framework, developed by Mishra and Koehler
(2006), focuses on how technology, subject matter, and pedagogy interact to
contribute to an instructor’s technological pedagogical content knowledge.
Therefore, it is important to consider different perspectives prior to the
development and implementation of any educational technology.

A variety of digital tools can support equitable and effective teaching,
and multiple criteria can be used to evaluate if these tools are suitable for
PLD. These include whether instructors are aware of the tool and are able
to feasibly and equitably use the tool (i.e., access and use of the tool should
not be limited to only certain instructors, reflecting Principle 7: Intention-
ality and transparency). Like developing expertise in teaching, instructors
can develop knowledge in how to use technology in ways that are equitable
and effective. One of the main tools licensed by institutions is the learning
management system (e.g., Canvas, Moodle, Brightspace, Blackboard), used
to develop courses and share core and supplemental learning resources.
Institutions may have instructional technologists who provide PLD for
instructors to gain proficiency in using learning management systems and
other licensed technologies such as polling software, assessment delivery
and grading systems, discussion boards, social annotation tools, media
production, and more. For purposes of equity, access to PLD for learning
management systems would not be limited to only those who show an inter-
est but rather available to all faculty (related to Principle 7: Intentionality
and transparency).

PLD is also needed to navigate the affordances and pitfalls of emergent
and changing technologies, and the myriad implications for equity intro-
duced. Online courses (synchronous and asynchronous) can sometimes
provide more equitable access to students if they would not otherwise be
able to take the course, and open educational resources can provide stu-
dents more equitable access to course material. Even disruptive technologies
such as generative Al have the potential to advance equity by providing
more personalized learning opportunities for students. In the case of Al in
particular, PLD can provide essential guidance to instructors as they incor-
porate these new tools into their classrooms. Al poses complex challenges
to academic integrity across disciplines as well as opportunities for learning,
suggesting the need for PLD that supports instructors in finding and using
new, equitable approaches to address these challenges (Mahmud, 2024).
Without sufficient instructor preparation, instructors may find themselves at
a disadvantage when working with those students who have access to and
knowledge of how to use Al tools; these students may also have an unfair
advantage over other students (Bowen & Watson, 2024).

Whether courses are fully online, fully onsite, or somewhere in between,
digital tools can be leveraged to promote equitable and effective teaching
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in STEM disciplines. One prominent example in STEM is how polling
tools can advance learning by promoting more equitable participation and
deeper engagement in course material. For example, polling tools can be
useful in peer instruction approaches where students actively problem-
solve independently, share their own ideas via the poll, and then discuss
the question in small groups to deepen their learning through their interac-
tions with peers (Crouch & Mazur, 2001; Mazur, 1997). Multiple digital
learning tool initiatives have been designed to support equity. The Gates
Foundation has funded multiple grants? in an effort to create better online
learning environments. That work has explored questions such as should
the online curriculum be modular or structured? Standardized or custom?
Designed for the instructor or the student? On one level these may seem
like graphic-user-interface questions, but they are central to both learning
and equity, especially when considering the demographics of students using

courseware in online environments.

Another initiative around courseware is Carnegie Mellon University’s
Open Learning Initiative,? which strives to democratize learning through
collaborative online communities with asynchronous courses that are not
based on college credit, starting or ending date, or certification/completion.
These courses are expansive uses of online education that include virtual
experiments and community collaboration. Using these and other digital
technologies and resources—not just in themselves, but in equitable and
inclusive ways—requires PLD that supports instructors in such pursuits.

Additionally, there are digital PLD resources that explicitly promote
equity. For example, an online observation tool called EQUIP* can be used
together with an external observer to improve equitable teaching in the

classroom.

COMMUNITY IS A KEY COMPONENT
OF SUPPORTING STEM INSTRUCTORS

We now turn to communities, which can play an important role in PLD
experiences. They can allow instructors to engage with other STEM instruc-
tors within or across similar communities (such as discipline or institution
type) and share teaching approaches (a form of the transparency called for
in Principle 7: Intentionality and transparency). Furthermore, communities

2 More information about one of the undergraduate-level courseware initiatives is available

at https://www.coursewarechallenge.org/

3 More information about the Open Learning Initiative is available at https:/oli.cmu.edu/

courses/

4More information about EQUIP is available at https://www.equip.ninja/about https://www.

equip.ninja/
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can serve as valuable structures that support understanding of the role of
equity in teaching and learning (Goldstein et al., 2017).

A community can be defined as a group where a shared identity around
a topic promotes the intent to steward a domain of knowledge and to sus-
tain learning about it (Wenger et al., 2002). Communities can be formal
or informal, large or small, and connect locally or virtually. They can exist
for a short period of time or persist indefinitely. There are multiple ways in
which communities facilitate communication and work to sustain change.
Below we discuss communities in education research, communities around
academic units, institutional communities including centers for teaching and
learning, and larger communities of the sort that connect people working in
the same discipline or focusing on similar pedagogical goals.

Community in the Education Literature

Multiple types of communities have been discussed in the literature on
system change in higher education, these include Communities of Practice
(CoP), Professional Learning Communities (PLCs), and Networked Im-
provement Communities (NICs). Box 8-3, below, on the Inclusive STEM
Teaching Project, mentions another type of community, the Faculty Learn-
ing Communities (Cox, 2004, 2005; Russel et al., 2017; Vescio et al., 2008)
or Learning Communities, which also come up in the literature. Some
people also refer to communities of transformation in STEM reform, which
are a variation of Communities of Practice designed to focus on the change
aspect of the community (Gehrke & Kezar, 2016). While there is not a de-
finitive line between each type of community, we present information below
on three types to illustrate the range of options and perspectives (Lenning
et al., 2013). Each of these types of communities can help instructors learn
about pedagogy and how to flexibly and responsively support equitable and
effective teaching and learning.

Communities of Practice

Communities of Practice are defined by three main pillars: domain
(shared knowledge), practice (uses of shared knowledge), and community
(identity and collaboration around the practice; Wenger, 1999). Together,
these three pillars define a community of members who use the domain
and practices to connect as a group (Wegner & Niickles, 2015). Reinholz
et al’s (2021b) study of change theory in undergraduate STEM education
used a large meta-analysis to illustrate that CoPs are the most commonly
used community structure. CoPs often develop naturally from the par-
ticipants, rather than from external or administrative influence. As such,
they can include members from multiple levels (e.g., both instructors and

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/28268?s=z1120

Transforming Undergraduate STEM Education: Supporting Equitable and Effective Teaching

188 TRANSFORMING UNDERGRADUATE STEM EDUCATION

administrators), depending on the domain and practice. By virtue of includ-
ing members from multiple levels, CoPs are capable of adapting and being
flexible (reflecting aspects of Principle 6: Flexibility and responsiveness). For
example, a community may coalesce around a common goal (here, equi-
table and effective teaching) and work together on developing strategies and
trying out practices in the courses they teach. More specifically, multiple
instructors may want to create similar lesson plans on a digital cloud so that
they can draw upon each other’s experiences, try new teaching methods to
help their students, and have equitable access to each other’s effective ideas.
However, what one instructor values about a lessons’ equitable or effective
features may not be clear in the shared lesson plan. Thus, an instructor
may not use the shared lesson plan or think it is not valuable. If enough
CoP members do not value a certain instructor’s resources, that instructor’s
contributions may be written off, which can damage the member’s sense
of belonging to the CoP. If communication is used appropriately, this ten-
sion could be resolved by having all shared lesson plans begin by providing
clear learning objectives, relative to equitable and effective teaching. This
example demonstrates how tensions in the potential stage can grow or
diminish a CoP.

CoPs typically involve groups of 5 to 15 instructors who are part of a
cohort or who are focusing on a particular topic (Cox, 2004). By coming
together and focusing on the implementation of effective and equitable
teaching practices, CoPs can provide instructors with an additional sup-
port system, which can bring in additional resources including reading and
discussing books focused on effective and equitable practices. Such CoPs
could be developed to accommodate whatever instructional, departmental,
or institutional needs exist. For example, a smaller group of STEM in-
structors within a department who are teaching similar courses or similar
students can gather to discuss their equitable teaching practices and might
engage in formative peer observations of teaching to learn from one an-
other. A broader STEM or community-wide Community of Practice could
be facilitated in part through centers for teaching and learning that focus
on equitable teaching practices across disciplines. These cross-disciplinary
communities can enable both interdisciplinary learning and collaboration.
A great asset of the CoPs is that if the participating instructors are given
autonomy in the way they design their courses, they can be flexible and re-
sponsive to varying changes impacting students and institutional structures
(related to Principle 6: Flexibility and responsiveness).

Professional Learning Communities

PLCs are teams of educators that share ideas to enhance teaching (Blan-
kenship & Ruona, 2007; Dufour, 2004). They are common in K-12 schools
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and also found at colleges and universities (Stoll et al., 2006; Vescio et al.,
2008). Some describe them as more formally organized than CoPs in that
they can be implemented by administrators (Brummer et al., 2024). Facili-
tators of PLCs can provide resources, organize group work, and cultivate
community while building opportunities for learning via reflection (Mar-
galef & Roblin, 2018). One small study found that those who participated
in PLCs reported increased energy, enjoyment, and engagement in work, as
well as an opportunity to reflect on teaching and expand skills and knowl-
edge. These participants also reported developing more self-confidence and
achieving a sense of accomplishment (McAnuff-Gumbs & Verbeck, 2013).
PLCs could be helpful in promoting the use of equitable and effective teach-
ing, when instructors work together to meet a common teaching goal. One
case study found that Communities of Practice could support the adapta-
tion of material from another institution for use in teaching inquiry-based
mathematics courses (Brummer et al., 2024).

Networked Improvement Communities

NICs emphasize evidence-based research, known as improvement sci-
ence, as a means to change (Bryk et al., 2015). This approach grew out of
the recognition that translating good ideas from one educational setting to
another generally has a low probability of success (Bryk et al., 2015, p.6).
Improvement science has evolved by focusing on specific problems and
implementing clear goals and drivers to methodically improve at scalable
speed (Feygin et al., 2020; LeMahieu et al., 2017). A NIC can grow par-
ticipants’ understanding, using evidence in the Plan-Do-Study-Act (PDSA)
cycle (Bryk et al., 2011; Poole & Germain, 2022). In this model, adminis-
trators and instructors work together to address a problem using change
regulated by manageable and achievable goals using PDSA cycles. If one
instructor finds great success in a STEM course using a specific active learn-
ing method for equitable and effective teaching, rather than the coordinator
requiring all instructors of the same course to implement that method, the
instructor could work with three other instructors through a lesson study
design (Fernandez & Chokshi, 2002) to identify what characteristics and
what results seem transferable. Thus, a NIC can have participants from
many levels, but the pace at which the community grows is regulated by
evidence collected (Principle 5: Multiple forms of data) through tools such
as the PDSA cycle.

Institution-Level Communities

At an institutional level, multiple approaches can support improve-
ments to community around teaching including STEM education cen-
ters, science education specialists, and Centers for Teaching and Learning
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(CTLs). Science education specialists work directly with instructors in the
academic unit to understand and apply better teaching methods (Wieman,
2017). Many centers focused on STEM teaching and learning were formed
in the early 2000s although some have since merged with CTLs® (Carlisle
& Weaver, 2015; Horii et al., 2015). Centers for teaching and learning
can foster community across academic units and act as change agents on
campuses through their goals, programs, and services (Wright, 2023). CTLs
can help colleges and universities embed PLD within the institutions’ cul-
ture through their programs. This of course requires adequate staffing and
funding, and some level of alignment with institutional values and strategic
goals around equitable and effective education (Coryell, 2016; Hines, 2017;
Sorcinelli, 2002). Increasing the numbers of instructors engaged with PLD
efforts builds up expertise at the institution and may allow for the creation
of self-sustaining and robust structures that support equitable and effective
teaching.

The work of CTLs has been conceptualized across four dimensions:
hub, incubator, temple, and sieve (POD Network, n.d.). This framework,
derived from the work of Stevens et al. (2008), can be used to describe
how a CTL can support equitable and effective STEM teaching within
an institution. As a hub, a CTL can bring together STEM instructors to
share equitable teaching approaches and learn from one another, as well as
highlight evidence-based teaching across STEM disciplines. As an incuba-
tor, the various instructor-level initiatives that the CTL offers can cultivate
instructors as change agents who share their practices more widely within
and beyond their academic units. As a temple, the CTL can be a place
where STEM instructors talk about teaching and become inspired about
equitable and effective instructional practices. Lastly, as a sieve, CTLs can
share evidence-based practices for equitable teaching in STEM to increase
awareness and dissemination of such practices across their campuses. In
performing one or any number of these functions, CTLs can be critical
partners to instructors, departments, and institutions.

Below is a list of potential ways that CTLs and STEM centers can
directly support STEM instructors in their implementation of equitable
and effective practices for instructors as well as academic units. The list is
inspired by the work of Wright (2023), Hines (2017), Coryell (2016), and
Sorcinelli (2002):

® Local communities of practice for and among STEM instructors
e Workshop series
e Department-specific workshops

> More information about the Network of STEM Education Centers can be found at https:/
www.aplu.org/our-work/2-fostering-research-innovation/stem-education-centers-network/
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Panel discussions

Community book reads

Sharing of teaching strategies

Open classrooms to formatively observe courses on campus
Course design institutes

Course transformation grants

Intensive multi-day initiatives

Teaching symposia and conferences

Climate studies for STEM departments

Student perspectives sessions

Consultations with individual instructors or departments
Formative reviews of teaching focused on equitable teaching
practices

e Teaching fellowships

Community and Academic Units

Academic units play critical roles in establishing cultures that support
equitable and effective teaching. They can take actions and create struc-
tures for PLD that support their instructors in engaging in equitable and
effective teaching. Young, minoritized, or part-time instructors may face
pushback from learners when teaching equitably and effectively; this can
be compounded by student bias and job security concerns. It is important
for academic leaders to recognize these possibilities and provide intentional
support to instructors. As articulated in Principle 4: Identity and a sense
of belonging, identity can influence the experiences of instructors as well
as their learners.

The role of academic units in teaching is discussed extensively in Chap-
ter 6; here the Committee presents a few examples of potential academic
unit-level actions that in their experience have the potential to elevate and
address equitable and effective teaching via attention to multiple Principles:

e  Conducting climate studies and obtaining data on existing inequi-
ties to identify opportunities for improvement

e Creating and implementing departmental or program-level strate-
gic and assessment plans

e Facilitating discussions at team meetings on equitable teaching
practices across courses

¢ Holding department or program retreats focused on equity

e Engaging in curricular revision to advance equity

e Hiring science education or STEM education experts to work with
instructors
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e Facilitating speaker series on approaches to equitable and effective
teaching

e Creating teaching circles consisting of instructors teaching similar
courses

e Identifying instructors with knowledge of pedagogy and equity is-
sues who can serve as mentors or peer advisors

e Supporting instructors by facilitating review of teaching in a low-
stakes formative manner in which the instructor receives feedback
designed to inform improvement from a peer or expert serving as a
critical friend (more on the “critical friend” approach can be found
in Chapter 9)

e  Advertising notable teaching examples and helping other faculty to
learn from them

e Identifying instructors with knowledge of pedagogy and equity is-
sues who can serve as mentors or peer advisors and rewarding them
for that work

e Adjusting faculty schedules to ensure collaboration time is possible

e Paying VITAL faculty to participate in PLD and/or communities of
transformation

e  General support from departmental and program leadership and
tenured colleagues when instructors integrate equitable teaching
approaches

e Fostering a culture of inquiry and continuous improvement

Achieving a culture where equitable and effective STEM teaching and
learning is valued will be difficult if there is not buy-in at all levels of the
institution and PLD is an expectation. The list above includes a variety of
intentional steps that instructors, units, and institutions can take to support
sustained engagement with PLD around equitable and effective teaching
practices. For example, when academic units discuss what types of PLD
they want to undergo as a unit, they could choose to include lessons on as-
sessment practices and how to best collect data to support the work of their
faculty. Instructors could set yearly goals to identify one thing they could
do to support their learning as an equitable instructor and what they might
want to accomplish in the next two or three years, given that some ap-
proaches can take more time to fully implement. Institutional leaders who
publicly support these efforts can encourage instructors to work toward
equitable and effective teaching approaches. They can also play a key role in
decision making by encouraging the unit to develop goals around learning.

A more specific example builds on the discussion in Chapter 6 on coor-
dinators for multi-section courses; units can consider how these coordinators
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can function as change agents within communities of practice. A study of 19
coordinators and 53 instructors across introductory mathematics courses
at seven institutions described a framework that illuminates how coordina-
tors approach their work, categorizing them into a humanistic-growth ori-
entation or a resource-managerial orientation (Martinez et al., 2022). They
propose embedding professional development into the course coordinator
role, pointing out that coordinators are well positioned to facilitate changes
to teaching approaches.

When unit and institutional leaders recognize the varying ways that
instructors might react to reform methods, they can develop strategies to
support those who are ready and eager to modify their practices as well
as those who might benefit from more time and support as they start their
change journey. Instructors may also vary in the type of activities and mo-
dalities they find useful and variations offered could include on-campus to
online to hybrid experiences. Institutions and departments may choose to
invest in their own resources in PLD or encourage instructors to partici-
pate in external initiatives and compensate and schedule accordingly. An
internal analysis on existing and desired PLD support for implementing
effective and equitable teaching can inform development of strategic plans
and identify the appropriate resources.

National Networks

Multiple national initiatives have worked to improve teaching by col-
lege STEM instructors (see Boxes 8-2, 8-3, and 8-4) through the formation
of networks based on the idea that participation in PLD can lead to more
equitable student learning outcomes. National networks can provide com-
munity when an instructor is isolated in their discipline, institution, and/
or approach to pedagogy. These connections can be powerful sources of
motivation and moral support as well as professional learning. CoPs dis-
cussed in an earlier section of this chapter are sometimes integrated into
the design of networks to allow instructors to share their approaches and
learn from each other. These kinds of networks can link engaged STEM
faculty in learning communities that allow them to learn from instructors
who are also actively teaching. Communities around teaching can form in
all sorts of organizations.

Organizations focused on one institution type include the Association
of American Universities (AAU), and the Association of Public and Land-
Grant Universities (APLU). Achieving the Dream and the American Associa-
tion of Community Colleges are two of the groups focused on community
college stakeholders. The AAU Undergraduate STEM Education Initiative
has elevated attention to evidence-based teaching and system change at the
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department level® (Coleman et al., 2019). APLU has coordinated a network
of STEM education centers focused on undergraduate learning, among
many other relevant projects. The American Association of Colleges and
Universities links across institution types and serves as a network for educa-
tion in higher education. Their Project Kaleidoscope initiative, including its
regional networks, is of particular relevance for undergraduate learning.”
Places where instructors connect and build community in their dis-
cipline include numerous associations large and small, some focused on
teaching and some more general in nature. Examples include the American
Chemical Society, American Geophysical Union, American Society for En-
gineering Education, National Association of Biology Teachers, American
Association of Physics Teachers, and the National Association of Geosci-
ence Teachers, among many others. The activities of these groups vary but
they sometimes provide workshops for new or experienced instructors and
often serve as venues for instructors to meet others with similar goals and

share resources.

Funders of STEM education and STEM education research have also
supported communities. For example, the Inclusive Excellence (IE) Initia-
tives of the Howard Hughes Medical Institute (HHMI), especially the IE3
cohort, linked educators across institutions in work groups in an effort to
foster community as they worked together to increase institutional capacity
for inclusion of all students in science.® The annual principal investigator
(PI) meetings of the Improving Undergraduate STEM Education (IUSE)
initiative of the National Science Foundation are also a source of commu-
nity for education researchers and change agents.” The PI meetings'® and
central hub!! of NSF’s Advanced Technological Education (ATE) program
are a source of community for community college instructors engaged with
career and technical education and partnership with employers in their

communities.

Another group of organizations and associations are those focused on a
particular underrepresented group, such as the American Indian Science and
Engineering Society and the Society for Advancing Chicanos and Native

¢ More information about the AAU Undergraduate STEM Education Initiative is
available at https://www.aau.edu/education-community-impact/undergraduate-education/

undergraduate-stem-education-initiative

7 More information about the Kaleidoscope Project is available at https://www.aacu.org/

initiatives/project-kaleidoscope

8 More information about the IE3 initiative of the HHMI is available at https://www.hhmi.

org/programs/inclusive-excellence-3
 More information about IUSE is available at https://aaas-iuse.org/

10 More information about the National ATE Principal Investigators Conference is available
at https://www.aacc.nche.edu/programs/advanced-technological-education/ate-conference/

1 More information about ATE is available at https://atecentral.net/
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Americans in Science, and the Society for Black Engineers. Another category
of group includes particular initiatives such as the Community College
Presidents’ Initiative in STEM, Sloan Equity & Inclusion in STEM Intro-
ductory Courses, and many others. In this next section we present three
selected examples of some initiatives that focus on professional learning
about teaching. The Student Experience Project (SEP) described in Box 8-2
focuses on instructors, mostly within STEM disciplines, who participate in
professional development focused on growth mindset, belonging, revised

BOX 8-2
The Student Experience Project

SEP, led by the APLU, the Coalition of Urban Serving Universities; the Col-
lege Transition Collaborative (now part of Equity Accelerator), Education Counsel,
the Project for Education Research That Scales, and Shift, involves the facilitation
of PLD experiences for six institutions. Instructors engaged in this project have
access to several tools and modules. The Classroom Practices Library? consists
of evidence-based approaches organized by six social-psychological constructs:
belonging, growth-mindset culture, trust and fairness, identity safety, self-efficacy,
and social connectedness. The identification and presentation of practices enable
instructors to learn and focus on specific equity-minded practices in their class-
rooms that can advance equity.

The module Your Syllabus as a Tool to Promote Student Equity, Belonging,
and Growth supports instructors in developing equity-focused course syllabi.
They explore the following module topical areas: Why Growth Mindset Matters,
Why Students’ Sense of Belonging Matters, Communicating Growth Mindset,
Normalizing Challenges, Communicating Care for Students, Valuing Diversity in
the Classroom, and Communicating about Resources and Success. Two other
modules, the Academic Standing Toolkit, Social-Belonging for College Students
and the Supporting Students in Times of Uncertainty module, provide additional
resources for instructors engaged in equity work.

The SEP provided teaching materials and related resources and PLD to
support instructors in their approaches. The SEP also includes a handbook? with
guidance on how to run CoPs, among other resources, to help instructors connect
and share their practices. The institutions involved in the project used a variety
of implementation strategies for their CoPs. This work can support instructors in
applying Principle 1: Active engagement from the Principles for Equitable and
Effective Teaching: students need opportunities to actively engage in disciplinary
learning. The outcomes of the SEP have been positive with regards to students’
sense of belonging and academic achievement in the course of instructors par-
ticipating in the project. Instructors found the PLD to be meaningful in that it
supported their efforts to teach and enabled them to connect better with students.

https://accelerateequity.org/resource/practices-library/
bhttps://studentexperienceproject.org/handbook/
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course syllabi, and using evidence-based equitable and effective practices in
their classrooms (Student Experience Project, 2022a). As discussed later in
this chapter, the Center for the Integration of Research, Teaching and Learn-
ing (CIRTL)'? is another key group that has created a learning community
to engage in systematic use of research methods to develop and implement
teaching practices that advance learning. Their work focuses on graduate

students as future educators of undergraduate students.

This project embodies several of the Principles for Equitable and Effec-
tive Teaching by providing PLD that focuses on Principle 3: Affective and
social dimensions, Principle 4: Identity and a sense of belonging, Principle
S: Multiple forms of data, and Principle 6: Flexibility and responsiveness.
Students reported increases in positive perceptions of their learning envi-
ronments (Principle 3: Affective and social dimensions). D, F, and withdraw
rates for students decreased. By engaging in this PLD opportunity and
supporting students, many instructors reported that even their sense of
belonging and job satisfaction increased (Principle 4: Identity and a sense

of belonging).

The Inclusive STEM Teaching Project (ISTP; Box 8-3) is a large mainly
online initiative that provides significant professional learning and develop-
ment opportunities that instructors can join as individuals, as opposed to

the focus of the SEP on specific institutions.!3

The ISTP modules center identity of both students and instructors
(Principle 4: Identity and a sense of belonging) and provide a systematic
curriculum around pedagogy and inclusive teaching that all participants
engage in in a carefully planned sequence. Another example of professional
learning is the National Institute on Scientific Teaching (NIST). NIST has
a more varied collection of opportunities that instructors can engage with
on an ad hoc basis (see Box 8-4). Some choose to attend individual virtual
learning sessions on defined topics while others have been able to partici-

pate in longer experiences.

As embodied within the case examples presented in Boxes 8-2, 8-3, and
8-4, the substance of promising approaches to STEM PLD in equitable and
effective teaching involves building community, providing resources and
tools, engaging with disciplinary content, practice applying approaches,

and reflection on teaching.

Initiatives Through Disciplinary Professional
Societies and Networks

Another critical source for creating PLD programs are disciplinary
professional organizations and networks within STEM disciplines. These

12 More information about CIRTL is available at https://cirtl.net/
13 See https://www.inclusivestemteaching.org/
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BOX 8-3
Inclusive STEM Teaching Project

students and instructors and have four key features:

embodied case studies,

affinity spaces,

local and virtual learning communities, and
an inclusivity framework portfolio.

2 @D =

on their own campuses.

studies are in progress.

with information from www.inclusivestemteaching.org

Sponsored by the National Science Foundation (NSF), the Inclusive STEM
Teaching Project (ISTP) is a massive open online course that engages instruc-
tors, graduate students, and postdoctoral fellows in virtual and local communities
of practice to apply and share their learning. The modules center identity of both

The course engages instructors in self-reflection as they complete the vari-
ous activities, which ultimately leads to the development of an individual portfolio
that synthesizes their inclusivity framework. The design features of the project
empower institutions to locally engage by providing leadership opportunities for
instructors to become facilitator and lead Inclusive STEM Project communities

The program is designed to provide professional learning and develop-
ment, a community, increased awareness, confidence, self-efficacy, reflection,
and changes in behavior. Qualitative results show significant shifts in attitudes
and planned practices, student benefits, and greater confidence. Mixed-methods

SOURCE: Presented by Bennett Golderg and Sarah Chobot Hokanson on May 22, 2023,

groups can gather in ways that make space for Principle 1: Active engage-
ment while also supporting the development of instructors’ pedagogical

content knowledge.

Sample networks in this category include BioQUEST Curriculum Con-
sortium, the Process Oriented Guided Inquiry Learning Project, Project
Kaleidoscope, and the Science Education for New Civic Engagements and
Responsibilities. These groups have distinct philosophies that drive their
work. They host “annual events, community-specific newsletters and jour-
nals, curricular materials, and sub-groups on more focused topics or made
up of faculty who are geographically close to one another” (Gehrke &
Kezar, 2016, p. 31). They provide spaces and a community for instructors
to reflect on and modify their practices, bringing them into alignment with
equitable and effective teaching approaches, and have led to a number of
positive instructor and organizational outcomes, including for women and

faculty of color in STEM fields.
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BOX 8-4
National Institute on Scientific Teaching

The National Institute on Scientific Teaching (NIST) is a nonprofit organiza-
tion that provides PLD opportunities for undergraduate STEM instructors (NIST,
n.d.). Instructors have the opportunity to participate in institutes and learning com-
munities focused on implementing evidence-based teaching practices in STEM,
including equitable instructional approaches.

NIST was founded as the Summer Institutes in 2004 at the University of
Wisconsin, Madison, as an effort to help implement the ideas in the 2003 National
Academies report BIO2010: Transforming Undergraduate Education for Future
Research Biologists (NRC, 2003).

It has evolved over time as the priorities and leadership have changed. Initial
efforts were primarily multi-day workshops held at one institution, evolving to a
number of summer institutes across the country. All of these workshops included
teams of attendees so that participants came with others from their own institution.

NIST was formally established as a nonprofit organization in 2020. Current
NIST programs include

» Addressing Challenges in Teaching

» Learning Sanctuary Institute

»  Friday Afternoon Learning Community
*  Mobile Summer Institutes.

In a study of alumni who attended one of the early scientific teaching insti-
tutes, a high percentage (87%, n = 135) self-reported more confidence using the
evidence-based teaching strategies learned (Pfund et al., 2009). Two years after
their participation, 98% were still making changes in their teaching practices, and
68% reported using evidence-based teaching practices in at least half of their
courses.

NIST reports that its work demonstrates the power of STEM instructors com-
ing together for an intentionally designed, intensive experience with supplemental
supports to advance their teaching practices.

Additionally, the members of a variety of disciplinary societies actively
conduct discipline-based education research (DBER) and present their work
at conferences and other scholarly gatherings run by these communities of
transformation. This work is often focused on equity and access issues and
can provide an evidence base for STEM PLD efforts focused on equitable
and effective teaching. Professional learning and development is often based
on lessons learned from DBER, although that connection is not always
transparent to PLD participants (Saitta & Donnelly, 2022).
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PREPARING FUTURE INSTRUCTORS

A critical group in making undergraduate STEM education equitable
and effective is graduate students and postdoctoral scholars, many of whom
are future faculty and current VITAL educators. Experiences with evidence-
based practices as both students and instructors can increase confidence
in those individuals implementing them in their classrooms (Kraft et al.,
2024a). As mentioned above, without having experienced active learning
themselves, new faculty are likely to teach through lecture (Apkarian et al.,
2021). In addition, the underrepresented graduate student and postdoctoral
population in STEM is more representative of the U.S. population than
faculty, with 19% minority doctoral students and 25% minority master’s
students (National Center for Science and Engineering Statistic, 2023b)
compared to 10% minority faculty at four-year institutions (National Sci-
ence Foundation & National Center for Science and Engineering Statistics,
2019). Providing timely professional learning focused on equitable and ef-
fective teaching for graduate students and postdocs thus has the potential to
transform the system, producing a new generation of experienced instruc-
tors who can have an impact long into the future.

A focus on preparing doctoral students to transition into teaching ca-
reers is not new. In the 1990s, universities launched programs to prepare
future faculty across a wide range of disciplines (von Hoene, 2020; Winter
et al., 2018), and as of 2020, as many as 150 universities had programs
that support professional learning for future faculty. With funding from
the National Science Foundation, CIRTL was founded in 2003, with an
explicit focus on graduate education and the STEM disciplines and a mis-
sion “to develop future faculty committed to implementing and advancing
evidence-based teaching practices to enrich undergraduate education that is
accessible to all learners” (Center for the Integration of Research, Teaching
and Learning, n.d.). The CIRTL network has also received funding from
other sources and now includes 45 universities. Relying on three core ideas,
learning through diversity, teaching as research, and learning communities,
CIRTL develops and implements programming for graduate students and
postdoctoral fellows that fosters community within and across institutions
(Hill, 2023). As a result of these long-term efforts, there is substantial evi-
dence for the benefits; evaluations show that participants focus on learning
goals for students and understand the nature of learning in order to apply
effective teaching strategies to support specific learning goals (Hill et al.,
2019a,b). CIRTL functions as a network and a community with shared
leadership that has changed over time (Austin, 2021; Mathieu et al., 2020)

Key findings from longitudinal studies show that sustained participa-
tion in teaching-focused PLD as a doctoral student or postdoctoral fellow
has both short- and long-term impacts. In the short term, participants gain
self-efficacy (Connolly et al., 2018) and increase their sense of community
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with peers (Connolly et al., 2016). Notably, efforts to improve teaching
skills have actually been reported to also enhance and improve their re-
search skills (Feldon et al., 2016) and research confidence (Shortlidge &
Eddy, 2018), suggesting that time spent on teaching may not detract from
graduate students’ disciplinary research but in fact may benefit it. In the
long term, participants use more learner-centered approaches than their
peers nearly ten years later (Emery et al., 2020), and are more likely to
be in a tenure-track teaching position (Connolly et al., 2016), all without
increasing their time to degree (Connolly et al., 2016).

However, these same findings highlight two persistent challenges that
inhibit more widespread, deeper, and sustained engagement in teaching-
focused PLD: (a) a lack of time, or lack of appropriately scheduled time to
participate (Connolly et al., 2016), and (b) the perceived low priority given
to development of teaching skills (Connolly et al., 2016) and perception
that participation in teaching reduces effort and commitment to research
(Shortlidge & Eddy, 2018). In other words, although effective opportunities
are available for graduate students and postdocs to become better prepared
for both their current and future teaching responsibilities, many do not
make use of these opportunities to the extent that they could because such
opportunities are not integrated into their programs (thus requiring extra
time) or may not be supported by their community (thus being perceived
as low value).

Overcoming these challenges requires attention not just to the avail-
ability of PLD for graduate students and postdocs, but to the value placed
on teaching and professional development in teaching, and to the power
dynamics that play a significant role in their choices (and perceived ability)
to participate (National Academies, 2024c).

The dual role of graduate students as both instructors and students
requires them to navigate complex policies, cultures, and power dynamics,
particularly because they may be reliant on their funding as an instructor
to support their role as a student. As a result, though graduate students
and postdocs may desire to build their skills as an equitable and effective
educator, they may not perceive those skills as valued or supported by their
advisor, department, or program (or may be explicitly told that they are not
valued), and thus choose not to participate.

Though there are a substantial and growing number of institutions
that offer and often require training for their graduate teaching assistants
(TAs), some institutions, departments, and colleges still lack such support,
which has far-reaching consequences. In many cases, graduate students may
teach the majority of laboratory sections, and in these settings may have
the most direct contact with undergraduate students; thus, they have the
potential to make connections that faculty does not necessarily have. Many
graduate students have not had the opportunity to develop their skills as a
teacher and are provided with minimal support structures when they begin
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teaching (Speer et al., 2005; Teasdale et al., 2019). As instructors, they may
deliver pre-scripted laboratory procedures, create and facilitate laboratory
exercises, as either recitation section facilitator or the instructor of record.
When they play a supportive role for a course, they report to a faculty
member who is the instructor of record for the course. This power dynamic
between the instructor of record and the TA is critical: depending on how
that power is wielded, TAs may have limited agency in their teaching expe-
rience, particularly in building their own skills and making decisions about
how to transform a course to be more equitable and effective. They may
also be looking to the instructor of record as a mentor in teaching, but if
that instructor does not make use of equitable and effective strategies, they
may be perpetuating and internalizing inequitable practices in response
to power dynamics. Thus Principle 7: Intentionality and transparency is
needed to articulate if not diffuse tension from these power dynamics.

As students, they must pass necessary departmental content-based ex-
ams and work closely with an academic mentor/advisor (Johnson & Nel-
son, 1999). If research is part of their work, they must also navigate the
expectations of their primary investigator who may send messages like
“focus less on teaching,” “complete your teaching requirements as fast as
possible,” or “put less time into your teaching.” As an instructor, these are
difficult messages to hear and may be even more difficult to overcome if
they strive to be effective educators. This can critically impact their identity
and sense of belonging within the academy (Principle 4: Identity and a
sense of belonging). Therefore, it is important for mentors and advisors to
recognize their position in the relationship and make decisions that support
the students in all their roles within the department.

Lessons Learned from the Preparation of Future K-12 Teachers

Teacher preparation programs are ubiquitous, though they are concen-
trated at the institutions formerly known as “normal schools” across the
United States (Morey et al., 1997). Many of these teacher education pro-
grams have evolved to use an approach that involves pairing the apprentice
teacher with an experienced master teacher and a university supervisor (e.g.,
Goodell & Kog, 2020). In the UTeach Replication Model, the apprentice
teacher has sustained teaching experiences with a master teacher, who
provides them with advice and guidance on how to put their educational
theories into practice (Goodell & Kog, 2020). The university supervisor as-
sures that the apprentice teacher is receiving the appropriate support and
is not exploited. The supervisor can also mediate any challenges that arise
between the master teacher and the apprentice teacher.

A similar model could support graduate students in their roles as teach-
ing assistants, though the instructor of record may or may not be the person
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best situated to support them in implementing equitable and effective prac-
tices. The preparation of graduate students as instructors is highly variable
across institutions and uneven within institutions. If a pedagogy course or
seminar exists, the graduate student may be able to lean on the instructor
for support, like the university supervisor in the model discussed above, but
they may not be paired with a master teacher who can introduce them to
equitable and effective practices.

Methods for Delivering Professional Learning and Development

Professional learning and development can occur either before or while
the graduate students are teaching. Yee et al. (2023a) found the following
structures to be the most dominant around the country:

e  An orientation that often occurs before a graduate student teaches
to set departmental expectations and give some information about
teaching approaches.

e Seminars and pedagogy course(s) where a PLD provider facilitates
situations and experiences to help graduate students become equi-
table and effective instructors.

e PLD through course coordination or co-requisite courses that may
offer credentials for teaching.

e PLD that has expanded from K-12 in the use of mentoring with
graduate students.

Johnson and Nelson (1999) argue that mentoring is central to “quality
graduate education” (p. 205). Moreover, studies have shown that marginal-
ized groups benefit greatly from mentored PLD (Crisp & Cruz, 2009). It
is important to note that Johnson and Nelson (1999) did find that if the
mentor is a faculty member, relationships are complicated and multifaceted
because of the roles faculty must play, such as doctoral advisors and quali-
fying exam evaluators, and the power dynamics involved. Peer-mentoring
is another option with less complexity as well as significant flexibility and
responsiveness to any potential struggles that graduate students would have
with teaching (Yee et al., 2023b). Similar to K-12 mentoring structures for
new in-service teachers, a peer mentor (a fellow graduate student with expe-
rience teaching) can provide more options and flexibility for delivering PLD.

Mentoring and induction has been shown to be successful in teacher
education (Portner, 2005). Moreover, it has been shown to be successful
with novice DBER instructors, especially peer-mentoring (Yee et al., 2022,
2023b). Although teaching experience is necessary, it is not sufficient for
mentoring because mentors need to understand their role and purpose in
facilitating meaningful pedagogical decision-making conversations with
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protégés (Rogers & Steele, 2016). Consequently, the design of a mentor-
based professional development curriculum should focus on preparing men-
tors to guide and support protégés’ understanding of their pedagogical
decisions (Boyle & Boice, 1998; Crisp & Cruz, 2009) One study compared
spontaneous mentoring (talk to the mentor if there are problems) and
systematic mentoring (meeting regularly every week), and found that the
systematic mentoring was more effective in supporting graduate students
and new faculty because the mentor could not prepare appropriately when
it was spontaneous (Boyle & Boice, 1998). The same study also observed
that the topics that dominated mentor meetings in decreasing order of
frequency were (a) discussions of undergraduates, (b) teaching styles, (c)
teaching-related goals, (d) grading issues, and (e) course preparation. Box
8-5 presents a specific example of mentoring of graduate students.

Providers of Professional Learning and Development

Structures for providers of graduate student PLD fall into two gen-
eral categories. In one the provider’s job is to support graduate student
PLD by regularly designing, organizing, and modifying PLD opportunities

BOX 8-5
Peer-Mentoring for Graduate Students

Mentoring can have enormous effects with respect to change toward equi-
table and effective education. Yee et al. (2021, 2022, 2023b) have demonstrated
how three universities’ mathematics departments were able to implement a peer-
mentor program to promote change toward using active learning strategies with
graduate student instructors. These programs, while initially funded externally by
the National Science Foundation, are now sustained by departments after show-
ing (a) a significant drop (>5%) in DFW rates, (b) a drop in student complaint
severity, and (c) a drop in student complaint frequency. Moreover, the peer-mentor
program promoted a strong community of practice among all levels of graduate
students because of the use of peer-mentoring rather than faculty mentoring. This
successful change included multiple observations with post-observation feedback
using the graduate student observation protocol (Yee et al., 2021) as well as small
group biweekly meetings between the mentor and novices, to discuss teaching
strategies. Fundamentally, departments supported this change because they saw
improvement in teaching and allowed the implicit discussion of teaching among
novices to become explicit as the peer-mentor program provided an open space
for communication around teaching.
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throughout their unit or the institution (e.g., COMInDS, 2020). In the
second, the providers come into the unit or institution to offer PLD in ad-
dition to teaching other courses. In this second model, the structure and
system has been established with a desired PLD curriculum. In both cases,
the providers of PLD can be teaching, research, or adjunct faculty or staff
(e.g., CMI Prep; see Yee et al., 2023c¢). Regardless of their title and role,
the provider’s success is dependent upon many other unit and institutional
logistics and expectations. One specific group that has grown over the years
are DBER scholars who have significant expertise in a content discipline
and focus their scholarly activities on investigating learning and teaching in
that discipline using a range of methods with deep grounding in the disci-
pline’s priorities, worldview, knowledge, and practices. Science faculty with
education specialties have also been considered a critical group of DBER
associates who have taken on their own role as change agents within units
often associated as PLD providers (Bush et al., 2019). When academic units
have access to such scholars as faculty and instructors, the other members
of the unit can leverage their knowledge to improve their own understand-

ing of pedagogy.

Developing Instructor Identity

Many graduate students have experience-based beliefs about teaching
established from their role and identity as a learner. From a constructivist
lens, to help graduate students grow, change, and identify what is possible
and what decisions are necessary in order to prepare and teach, certain ex-
periences with teaching can provide a safe way for these graduate students
to validate their beliefs and decisions as instructors. This can take time and
repeated teaching experiences. Some activities/experiences that providers
have found to support graduate students in finding their teaching identity

include
e Reflections on teaching
e  Peer observations
e Self-observations via video
e Micro-teaching
[ ]

Mock teaching

Through these activities, graduate students (ideally) work within in a
safe environment where they can wrestle with what they believe, what they
observe, and how they want to approach their own teaching, possibly even
writing a teaching philosophy. Such work, supported by mentors, can help

graduate students synthesize pedagogical theory and practice.
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Organizations such as the CIRTL described above offer initiatives for
STEM instructors to address gaps in graduate student PLD by facilitating
online courses, workshops, learning communities, and institutes. These
programs can help graduate students develop instructor identity as they
work with peers to learn about equity and inclusivity within the classroom.
CIRTL also provides resources on topics such as teaching-as-research, in-
structor materials, and program evaluation that focus on ways that gradu-
ate students and novice teaching faculty can approach integration of their

disciplinary and educational research in holistic ways.

Considerations for Postdoctoral Scholars

While the section above largely addressed graduate student instruc-
tional development in equitable and effective teaching, postdoctoral schol-
ars may currently teach or plan to do so in their future academic careers,
making PLD in equitable and effective teaching critical for them as well. If
they plan to enter academia and teach, postdoctoral scholars can seek out
opportunities to teach as guest lecturers or instructors or as instructors of
record. Such investments in teaching can also lead to tensions with their
research, depending on the culture of their unit and mentor expectations.
They might also seek out PLD through centers for teaching and learning
or external initiatives. A variety of special funded initiatives, such as Insti-
tutional Research and Academic Career Development Awards (IRACDA)™
and The Harvard Medical School Curriculum Fellows Program (HMS
CFP),'3 have provided opportunities for postdoctoral scholars to teach and/
or pursue discipline-based education research in STEM. Other initiatives
that support teaching postdoctoral scholars include the Carl Weiman Sci-
ence Education Initiative'® and the TRESTLE initiative.!” Both programs
focused on teaching and teaching innovation and were designed to support
postdoctoral scholars in developing their effective and equitable teaching
skills and practices. Postdoctoral scholars served as change agents by part-
nering with faculty to transform courses with better practices (Chasteen &

Code, 2018; White et al., 2020).

14 More information about the IRACDA program is available at https://www.nigms.nih.gov/

training/careerdev/Pages/TWDInstRes.aspx

15 More information about the HMS CFP is available at https:/curriculumfellows.hms.

harvard.edu/

16 More information about the Carl Weiman Science Education Initiative is available at

https://cwsei.ubc.ca/

17 More Information about the TRESTLE initiative is available at https://trestlenetwork.

ku.edu/
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In a systematic review of literature, one major theme that arose with
regards to PLD of postdoctoral scholars was an appreciation for developing
their teaching and learning skills, including equitable teaching approaches
such as active learning (Nowell et al., 2018). One of the studies cited in the
review found that between the postdoctoral scholars who engaged in such
programming and taught, and those who did not, there were no differences
in their publications or the duration of their fellowship (Rybarczyk et al.,
2011). While more research is needed, this finding counters the perception
that postdoctoral scholars who engage in such development and teach are

unable to be productive in their research.

Considerations for Undergraduate Learning Assistants

Undergraduate learning assistants (ULAs) provide peer support for
other undergraduate students’ education in many diverse learning environ-
ments. A ULA provides direct support to fellow undergraduates and would
benefit from PLD on equitable and effective teaching. ULAs work in tutor-
ing labs, run review sessions online or on campus for specific courses, or
work in emporiums where undergraduates navigate an online curriculum
and receive assistance on campus. They have typically successfully com-
pleted the course they are assisting; with this experience they can relate
to the challenges fellow undergraduates (Principle 3: Affective and social
dimensions) are facing better than faculty or graduate students, who have

an influential power or privilege.

ULAs have been shown to have significant benefits for students and
units. Data have shown that students in courses with ULAs have an in-
creased sense of belonging and identity and the presence of ULAs lowers
undergraduate STEM attrition (Barrasso & Spilios, 2021; Clements et al.,
2022; Dawson et al., 2014). The differences between ULAs and graduate
students are important and should affect the PLD opportunities they might
most benefit from. First, unlike graduate teaching assistants, ULAs are not
beholden to the unit, especially if their major is not in the unit for which
they are assisting (e.g., a computer science major may be a ULA for a calcu-
lus course for non-mathematics majors). Additionally, ULAs may be getting
paid from a CTL and may not be accountable to the instructor or course in
the same way as a graduate student who is paid by the department. ULAs
also often work with one class and one instructor, so they can help students
in that class more directly and personally. Finally, as with graduate students,
when disagreements or challenges arise between the instructor and ULA,
PLD for ULAs can be provided so they understand their role and their

purpose relative to the instructor of the course.
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SUMMARY

Continuous improvement strategies are necessary to work toward eq-
uitable and effective teaching. When instructors engage together in commu-
nities, they can foster equitable and effective teaching by collaborating to
improve pedagogical approaches and also contribute to changes to institu-
tional and departmental cultures toward undergraduate instruction. Ongo-
ing PLD in community is one means for improvement and has been shown
to be more effective than single session or workshop style. PLD instructors
may engage in PLD opportunities on their own campus or with others from
their own academic unit or institution or may join national networks as an
individual or as a member of a group. Sometimes community found outside
of campus can be more closely aligned to an instructor’s needs, such as
when they connect instructors with others in their own discipline. All types
of instructors, including tenured, tenure-track faculty, and VITAL educa-
tors, benefit from PLD. This includes graduate students and postdoctoral
fellows engaged in teaching. Successful culture change toward equitable and
effective teaching requires that people in all roles be included in PLD, com-
munities, and initiatives. Because VITAL educators are often excluded from
professional development opportunities and communities, we have called
them out specifically for attention. However, increasing attention to VITAL
educators will not help achieve equitable and effective learning experiences
if there is not systemic change to increase the value of instruction itself.

Conclusion 8.1: Implementation of equitable and effective teaching is
an ongoing process that necessitates all instructors (full-time faculty,
VITAL educators, and postdocs with teaching roles) regularly engage in
professional learning and development (PLD) throughout their careers.
An important aspect of PLD is to cultivate the practice of reflection in
which instructors review teaching experiences and how they can learn
from those experiences in ways that will improve future teaching and
learning. PLD can occur on campus or via technology and in both
formal and informal ways.

Conclusion 8.2: Institutional support is needed to ensure that ongoing
high-quality professional learning and development is available and
accessible for all types of instructors.

Conclusion 8.3: Digital technologies present opportunities to enhance
equitable and effective teaching in science, technology, engineering, and
mathematics when they are introduced along with professional learning
and development opportunities that provide guidance and support on
appropriate use that does not magnify existing inequities.
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Role of the Institution in
Creating Equitable and Effective
Learning Environments

Prior chapters have described the Principles for Equitable and Effective
Teaching and their application in specific teaching and learning settings.
Here, we turn to the implementation of the seven Principles at an institu-
tional level. This discussion is grounded in a concept of implementation
and change as processes that shape and are shaped by a number of interre-
lated dimensions within the institution. A goal of continuous improvement
throughout the system is needed to work toward equitable and effective
teaching and to achieve a student-ready college that values and focuses
on student-centered approaches to learning. Institutional leadership at an
institution is essential for articulating and prioritizing goals and provid-
ing the financial and human resources needed for significant change. That
is, achieving equity-minded change in our current system is a challenging
endeavor that will likely only succeed through gradual changes to mindset
and actors on multiple levels being open to multiple possible interpretations
of data (Culver et al., 2021; Equity-Based Teaching Collective, 2024; Kezar
& Dizon, 2019; Kezar & Posselt, 2020; Kezar et al., 2008).

Figure 9-1, below, illustrates the various institutional dimensions that
we consider in relation to the seven Principles in this report. At their core,
the Principles are built around both the socio-cultural and cognitive dimen-
sions that research shows interact in a dynamic way during learning, shown
in Figure 9-1 at the center of the diagram. Implementing the Principles at an
institution involves the interconnected participation of all levels of the cam-
pus: the instructors (e.g., those who are teaching), the academic units (e.g.,
those who manage the academic mission), and the institutional leaders (e.g.,
those who make policy and resource decisions that impact how teaching

209
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and learning can take place at the institution); this dimension is illustrated
by the middle ring of Figure 9-1. And finally, as shown in the outer ring of
Figure 9-1, all of this takes place within the institutional context—includ-
ing its infrastructure, policies, and practices—which may support or be a
barrier to enacting equitable and effective teaching. Moreover, aspects of
the institutional context may be deeply entrenched, whether or not they are
aligned with the current goals and vision of the institution. Examining these
policies, practices, and infrastructure limitations is critical to supporting
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FIGURE 9-1 Institutional context impacts interactions and student learning.
NOTE: Inner circle: All learning involves a dynamic interaction between cognitive
and socio-cultural processes and the Principles address both. Middle ring: Imple-
mentation of the Principles requires the integrated effort of individuals at multiple
levels of the institution. Outer ring: Implementation of the Principles also depends
on acknowledging the needs and challenges of the particular institutional context.
The institutional context also impacts interactions of students, instructors, academic
units, and campus leaders (middle ring) in ways that influence student learning (both
cognitive and socio-cultural; inner circle).
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continuous improvement and requires institutional leaders to be actively

involved in changing them.

Higher education scholars often examine institutions from a “systems”
perspective to understand and describe their change processes (Austin,
2011; Baecker, 2010; Henderson et al., 2011; Lemke & Sabelli, 2008;
Scileppi, 1988). It has been posited that culture change requires multi-level
aligned action and leadership from across an institution, including academic
unit members and student affairs professionals, as well as deans, provosts,
and presidents (Kezar, 2013; Kezar & Holcombe, 2015). It is highly unlikely
that sustained and broad implementation of equitable and effective teaching
will occur if an institution presumes that the responsibility for change lies
only with individual instructors and what they do in their classes. While
some particularly motivated and informed individuals may be able to imple-
ment change effectively and well, such efforts are unlikely to become the
norm at the institution unless there is vertical support and horizontal inte-
gration for the Principles for Equitable and Effective Teaching. As implied
by the outer ring of Figure 9-1, “Equity-minded teaching must be fostered
not only by individuals but supported by the systems and conditions that
surround individuals and their efforts” (Bensimon & Harris, 2023; Gonza-

les & Culpepper, 2024, p. 30; Liera & Desir, 2023).

CULTIVATE A CULTURE OF
CONTINUOUS IMPROVEMENT

Improving science, technology, engineering, and mathematics (STEM)
teaching at the undergraduate level so that it is more equitable and effective
is an iterative process that requires sustained effort over time to ensure the
best practices and policies are in place. That is, work to achieve equitable
and effective learning environments is a journey and not a destination
that can be defined today and reached tomorrow. The concept of continu-
ous improvement, originally developed in manufacturing, can usefully be
applied to this type of STEM education reform (Singh & Singh, 2015;
Temponi, 2005). Continuous improvement does not focus on continual
change but, rather, on evaluating the outcomes of a change and then using
the information to guide actions to improve the process (Jha et al., 1996).
Continuous improvement approaches can help to address the complexity of
culture change and may be more likely to lead to sustainable transforma-
tion (Glover et al., 2015; Michela et al., 1996; Mitchell & Sickney, 2019;
Reinholz et al., 2019. This process requires iterative cycles of evaluation,
reflection, and action. By fostering a culture of continuous improvement,
institutions can ensure that efforts to enhance equity and effectiveness in
teaching are sustained and refined over time, creating lasting and impactful

change in higher education.
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Multiple national initiatives have approached teaching and learning
through systemic approaches, including the National Academies of Sciences,
Engineering, and Medicine’s (National Academies’) Roundtable on Systemic
Change in Undergraduate STEM Education.! Studies have explored the
concept of organizational change networks as a lever for systemic change by
focusing on the examples of the Advanced Technology Education program
of the National Science Foundation (NSF), the Bayview Alliance, the Center
for the Integration of Research, Teaching and Learning (see Chapter 8), the
network of STEM education centers, the Partnership for Undergraduate
Life Sciences Education, and the Association for Undergraduate Education
at Research Universities, all of which have been players in the effort to
improve undergraduate STEM education (Austin et al., 2024). Recogniz-
ing all students, faculty, staff, administrators, and members of the public
as valuable and capable, Effective Practices for Physics Programs (EP3)?
provides structured resources informed by practices across the physics
community to address challenges and make changes and improvements.
Recognizing the challenges of teaching in complex ecosystems, the Equity-
Based Teaching Collective, composed of faculty from American University,
Florida International University, and the University of Connecticut, has
created an ecosystem-based report for understanding the complex roles of
different stakeholders and levers in the improvement of college teaching
and how they (i.e., institutional leaders, centers for teaching and learning,
deans and department chairs, faculty, and students) can interact to improve
college teaching and promote equity-based teaching and equitable outcomes
for Black, Indigenous, and low-income students. Their work included a
large landscape analysis, interviews, and synthesis efforts that informed
their recommendations and provided resources for the examples they cite

(Equity-Based Teaching Collective, 2024).

Understanding Theories of Organizational Change

Structures, policies, practices, and operating principles of modern higher
education replicated those first established by the colonial colleges before
the nation’s founding (see Chapter 2). These institutional underpinnings
are difficult to change because they form part of the infrastructure of the
institution’s operation—they are entrenched and undergird the institutional
culture. The changes that are needed now must be carried out intentionally
and systemically rather than allowed to evolve slowly, in part because equi-
table experiences are morally urgent and in part because our interconnected
society is changing more rapidly than ever before. The challenges faced

! More information is available at https://www.nationalacademies.org/our-work/roundtable-

on-systemic-change-in-undergraduate-stem-education
2 More information about EP3 is available at https://fep3guide.org/
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by our society today are global and cross-disciplinary challenges. In order
to prepare students to be contributors in today’s world, there is a need to
prepare a diversity of individuals who can bring their particular forms of
creativity and problem solving to the challenges of this century.

Creating an equity-minded institution requires organizational change.
Organizational change can be described, broadly, as being one of three
types: first order, second order, or third order (Gonazales & Culpepper,
2024). These types are distinguished from one another by the extent to
which existing structures are affected. Equity-minded change, generally
and more specifically in support of teaching, is most likely to take hold
when institutions invest simultaneously in first-, second-, and third-order
change. Table 9-1 gives a brief description and example for each type of
organizational change.

TABLE 9-1 Types of Organizational Change by Scope

Type of

Change Scope (e.g., depth, magnitude) Example

First-Order Targets, or is meant to be compatible Implementing a recruitment

Change with, existing structures, and thus does effort to diversify the STEM
not seek to change those structures or faculty and student body on a
their foundations. campus (see Hrabowski, 2012;

Palmer et al., 2013)
Does not affect the foundations or core of
the organization.

Second-Order Targets relationships, practices, and norms Implementing affinity groups
Change in phases or in ways that are otherwise wherein minoritized and
limited/contained. marginalized students can build
community and share strategies
These changes are often more significant  for navigating their disciplines

than first order change but also do not and departments (see Villa et
address the core or foundations of an al., 2013)
organization.

Third-Order  Often described as deep, transformative, ~ Ongoing work to design

Change and implicit. It targets the deepest educational and policy
foundations of the organization, or its initiatives that enhance
core, including mental models. faculty, staff, and student

understanding of the dominant
Third-order change involves or assumes  culture-focused foundations

first- and second-order change and of institutions, disciplines, etc.
requires adjustments at the individual, (see Liera, 2023)
sub-organization, and whole organization

level.

SOURCES: Adapted from Gonzales and Culpepper (2024, p. 17), informed by ideas from
Bartunek and Moch (1987) and Kania et al. (2018).
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Most diversity efforts are what organizational theorists would deem
first-order changes (Bartunek & Moch, 1987; Kania et al., 2018), which fo-
cus on change that can be quickly adopted—e.g., by doing “more” of what
an organization does rather than fundamentally altering conditions within
the organization. Some of these efforts are performative, such as public
statements about the value that an institution places on inclusion. Some
are actions, such as an invited speaker or an optional one-time workshop,
which are unlikely to lead to any change and may not reach people who
are least informed about issues of exclusion, privilege, and implicit bias.
David Asai, former Senior Director for Science Education in the Howard
Hughes Medical Institute, where his team developed initiatives advancing
inclusive STEM learning, recently stated that “when confronted with the
truth that STEM lacks diversity, our first impulse is to recruit more persons
from the underrepresented groups” (personal correspondence from David
Asai to Gabriela Weaver, October 2024). But starting with representation is
a mistake, as shown by the failure to make progress in closing the racialized
STEM completion gap even after three decades of diversity-centered inter-
ventions (Asai, 2020; Bernard & Cooperdock, 2018). A focus on equity and
an equitable, inclusive environment can create a space that will be inviting
to a diverse group of people—students, staff, and faculty (Griffin, 2020).

Many inclusion efforts tend to fall under second-order changes, as they
focus on small and contained alterations to pre-existing practices and rela-
tionships (Bartunek & Moch, 1987; Kania et al., 2018). These are impor-
tant and necessary because they begin to normalize the conversation about
equity and provide some ways to act on it. An example of a second-order
change that can be helpful is creating a forum where first-generation faculty
members can meet with first-generation students and share experiences or
provide encouragement about college life. Another example is to provide
ongoing PLD for educators and administrators to learn about and recognize
their own unconscious biases, and how these may affect their interactions
with others and their decision making.

Any effort to make STEM more diverse, inclusive, and equitable de-
mands the deepest and most difficult kind of change: third-order change.
This approach requires new or revised policies and practices, long-term re-
allocation of resources, and ongoing learning and reflection to shift mental
models about how academic units, colleges, universities, and/or the profes-
sion should work. These underlying models, structures, and culture are
what maintain inequity and need to be addressed through transformational
change (Kezar, 2018; McNair et al., 2020). As discussed earlier, contribu-
tions from all levels of the institution will be needed to achieve this depth of
change. By their nature, institutions have nuanced and distributed systems
of power and autonomy, and different stakeholders may have competing
priorities (e.g., Vican et al., 2020). For this reason, transformation requires
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institutional leaders to take an active role in creating change by facilitating
and supporting widespread efforts. Researchers have observed that norms
that exist within professions tend to change when individuals observe oth-
ers in their social group exhibiting different behaviors (e.g., individual-level
change); when they view these behavior changes being adopted collectively
(e.g., departmental and disciplinary change); and when they receive in-
stitutional rewards that validate and legitimize the change (e.g., college,
university change; Tankard & Paluck, 2016).

Disruptive, third-order change requires institutional equity-mindedness.
The presence of diversity (e.g., achieving a designation based on student
demographics) is not sufficient to achieve this: institutional culture mat-
ters more. Equity-mindedness is necessary because the exclusion of certain
classes of individuals from higher education is a systemic problem (Liera
& Desir, 2023). Analysis and understanding of the problem are needed
before implementing solutions—otherwise the result will be superficial
change. Equity-mindedness also requires an awareness of the challenges
faced by different populations of students, the practices that affect these
students, and the importance of using data (specifically data disaggregated
by the population of the students at the institution) to identify and address
inequities (Bensimon, 2018; McNair et al., 2020). Success in implementing
equity-mindedness requires a sense of shared responsibility and accountabil-
ity for advancing equity in policies, practices, and norms, meaning equity is
everyone’s responsibility (Gonzales & Culpepper, 2024).

CREATE STUDENT-READY INSTITUTIONS

The experience of teaching and mentoring undergraduate students in
STEM varies by institutional context, mission, and perhaps, most impor-
tantly, across levels of student preparedness to learn the course material.
Concerns about underprepared college students are a perennial complaint
across post-secondary education, and the COVID-19 pandemic magnified
opportunity and preparedness gaps for many students (Bailey et al., 2021;
National Academies, 2021). Rather than blaming students and other stake-
holders (e.g., parents, high school teachers, the Pre-K-12 education system)
or focusing on students’ college readiness, McNair et al. (2016) argue for
rejecting the concept of “college readiness,” replacing it with “student-
ready”—institutions that meet their admitted students where they are.
Institutions ranging from community colleges to highly selective research
universities have differing approaches to student admission (see Chapter
2 for more). No matter the process, the students who show up at these
institutions have been admitted, and educators and administrators have an
obligation to provide a learning environment that supports their education
and learning. To create student-ready institutions requires attention to who
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has control or influence on which elements in the system. There is variation
in the extent that instructors can influence the design of the course or cur-
riculum design, but they usually have control over pedagogical approach

and their classroom policies.

Assess Resources and Infrastructure

The creation of an effective and equitable institution that values, pro-
motes, and rewards equitable and effective teaching and learning can be
guided by the data and physical infrastructure made available at the instruc-
tor, classroom, course, department, college, and university leadership levels.
While some instructors may be familiar with institutional graduation and
retention data, sometimes disaggregated by demographic and additional
variables, many have not had access to data at finer levels of detail. Even
fewer have been able to connect instructional revenue and costs with stu-

dent outcomes.

Physical infrastructure, including items such as classrooms and the
pedagogical opportunities they afford, technology capabilities, student
study spaces, experimentation spaces, learning laboratories, testing centers
and more, and how these spaces are used and allocated for the purposes
of teaching and learning, can affect both the costs and outcomes of the
educational experiences. These issues are complicated by increasing de-
mand for courses in certain disciplines (e.g., computer science), which has
led to difficult choices at some institutions where course sizes have grown,
responsibilities of instructors have increased, or student access to courses
has been restricted (Alonso, 2023; Nguyen & Lewis, 2020). However, many
institutions have worked to make courses more equitable and effective with
minimal changes in instructional costs. An equitable and effective teaching
approach emphasizes student access and success as metrics that are con-
sidered as part of the resource allocation process. A 2024 convening at the
Howard Hughes Medical Institute (HHMI), the Financial Alignment with
Inclusive Teaching Effectiveness (FAITE),? brought together institutional
financial officers from the National Association of College and University
Business Officers with institutional change agents, data analytics experts,
and academic leaders. The primary purpose of the workshop was to deter-
mine approaches to align financial decisions with inclusive instructional
practices and student success metrics. Discussion focused on how data can
be used to drive informed decision making that supports institutional im-
provement, including balancing instructional costs with financial realities,
supporting systemic change for increased access and equity, and developing

3 More information about FAITE is available at https://ascnhighered.org/ASCN/cost_benefit.

html
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new organizational structures to sustain inclusive teaching innovations.
While this type of work is just emerging, it has the ability to have a major
impact on equitable and effective teaching since it is difficult to remove
financial constraints from what is deemed possible, or desirable, in instruc-

tional activities.

The impact of institutional finances on STEM instruction can be seen,
for example, when looking at the various roles of introductory STEM
courses, both financial and educational. Introductory STEM courses are
frequently taught to large numbers of students (and at research institu-
tions are responsible for supporting many graduate students teaching assis-
tants); they are therefore important for institutional revenue (Hatfield et al.,
2022; Hopp et al., 2019). There are significant expenses with offering these
courses as well, and this sometimes leads to the use of extra “differential”
tuition costs for students as institutions try to recoup some of their expenses
(Harwell, 2013; Wolniak et al., 2018). Foundational STEM courses have
the highest breadth of incoming student backgrounds and expertise. and
typically require a larger proportional investment in terms of instructional
spaces, resources, learning materials, and preparation of instructors and
teaching assistants, all of which are reflected in the financial data and are a
key factor in student-centered financial planning.* These are just a sampling
of the issues where combining various forms of data, including financial,
can help inform institutional decision making about instruction and the
extent to which equitable and effective teaching is prioritized. Institutional
leaders often have to make difficult decisions about competing priorities
and finite resources. Various forms of data, including financial data, can
help administrators, leaders, and instructors to build a culture and infra-
structure that supports equitable and effective teaching with an eye toward

sustainable, long-term programmatic and instructional changes.

Infrastructure, policies, and practices also relate directly to data in
terms of what data are available to whom and for what purposes. Data are
often siloed within institutions, which inhibits evidence-informed decisions
related to instruction, students, and instructional staff (Swing et al., 2016).
Instructors and administrators are often unaware of the challenges that
students face and the complexity of the classroom situations that can arise
in STEM courses, as well as the bottlenecks created in STEM curriculum
(as discussed in Chapters 6 and 7). Data, made usable in transparent and
multi-dimensional representations, coupled with professional development
around its interpretation and use, can provide substantial support for
the creation of equitable and effective instructional environments. When

4 More information about the benefits of student-centered financial planning is available
at https://www.nacubo.org/Press-Releases/2024/NACUBO-Student-Success-Hub-Highlights-

Financial-Links-to-Equitable-Student-Outcomes

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/28268?s=z1120

Transforming Undergraduate STEM Education: Supporting Equitable and Effective Teaching

218 TRANSFORMING UNDERGRADUATE STEM EDUCATION

financial data are also included, there is an opportunity for leadership, in-
structors, and business officers to work together to develop approaches that
are feasible and prioritize equitable and effective teaching in a sustainable
manner that benefits the institution as a whole.

Student-Focused Policies

One important function of institutional leaders in supporting equitable
and effective teaching is an examination of policies that impact teaching
and learning. One example of a policy that directly affects student success
is transfer articulation (see Chapter 7). Credit hour limits, procedures for
transfer requests, and agreements among local or state institutions must be
decided by institutional administrators; academic advisors and program
directors are responsible for developing course-to-course equivalencies;
faculty are most likely to be the ones to look at course learning objectives
and syllabi to ensure that the content meets the needs of the students within
a given program (see Chapter 6). Institutional alignment across these ef-
forts will ensure that decisions at each level are guided by the same values,
promoting equitable and effective teaching for all students, as articulated
in the seven Principles of this report. Lacking such alignment can lead to
the exclusion of some groups of students. For example, when students
transferring from a two-year college are not given equivalent credit, such
as for a first-year biology course, only because a research institution does
not believe the two-year college version of the course has sufficient “rigor,”
then populations of students who are likely to begin their higher education
career through a two-year college route (a larger percentage of underrepre-
sented, low-income, and/or first-generation students) will be systematically
and unfairly penalized by the receiving institution requiring them to take a
course a second time in their college career.

Other policies that affect students’ equitable access to an excellent
education are those related to the timing of course withdrawals and the
impact of withdrawals on prior grades, policies connecting a student’s
permission to register for courses based on their account balance, practices
around grades in a student’s first term in college, academic integrity poli-
cies and how they are reported, monitored, and enforced, practices around
admission to limited-enrollment degree programs, and rules and procedures
related to changing a major. Students who must work in order to pay for
school may be at a significant disadvantage when their ability to register for
the following term’s courses is held up. Each of these policies, when exam-
ined with an equity lens, can derail the educational plans of some students
more than others based on their race, income level, or other identity char-
acteristics. An equity lens, or “equity-mindedness,” has been described by
scholars (Bensimon, 2007, 2018) as a way of thinking that centers—brings
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attention to—and seeks to resolve persistent patterns of inequity. The un-
derlying message is that the reasons behind any given policy or practice
should be consistent with the educational mission of the institutions and
not inadvertently put barriers in front of some groups of students.

Instructor-Focused Policies

Creating a student-ready institution that provides and supports equi-
table and effective teaching involves not only policies that directly affect
students, but also those that have a direct impact on instructors and an
indirect impact on students. Among these are the extent to which they have
access to data about their students, support to utilize those data, expecta-
tions for teaching, such as numbers of courses/sections/students, modality
of teaching, and time to prepare and support for improving teaching such
as that provided by centers for teaching and learning or other related struc-
tures (Molinaro et al., 2020). It also matters how teaching assignments are
allocated (to different categories of instructors) and resourced: support
staff, types of teaching spaces, availability of needed equipment or materi-
als, course scheduling, and so on. Some of these decisions rest solely within
the purview of the academic unit (Chapter 6) but all of it can be influenced
by policies and cultural expectations created by the institutional leadership.
These policies and actions are embedded in the system depicted in Figure
9-1. In addition, realistic access to professional learning requires that in-
stitutional leaders provide realistic compensation for the time required for
everyone who teaches to do that learning and subsequently apply it to their
courses.

A practice that spans an entire institution—both across disciplines
and vertically through levels of leadership—is creating true access to pro-
fessional learning and development (PLD) and an expectation that faculty
will participate (Chapter 8 discusses various approaches to PLD). While
faculty have expertise in their academic discipline, formal preparation in
methods of educating others varies. Furthermore, there is plentiful research
demonstrating that some approaches to teaching are more effective and
equitable than others in higher education (Freeman et al., 2014; Sathy &
Moore, 2020; Theobald et al., 2020) It follows that professional learning
is needed if institutions expect their instructors to educate in equitable and
effective ways, and for all students to learn and graduate successfully. Ac-
cess to professional learning means that all categories of faculty, instructors,
and teaching assistants can develop the necessary skills with evidence-based
pedagogies and inclusive teaching practices through ongoing programming
and resources available to them through their institution or professional
societies. As mentioned in Chapter 8’s discussion of professional learning,
a single workshop or isolated experience is not likely to be effective unless
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it instigates further engagement by instructors. In most situations, research
has shown that long-term professional learning experiences are needed in
order to increase the likelihood of success (Bifulco & Drue, 2023; Castillo-
Montoya et al., 2023; Hakkola et al., 2021; Miller et al., 2022).

Compensation and hiring policies may also have an impact on student
success at the institution. Hiring practices and how they influence the diver-
sity of faculty across departments and faculty categories are important for
developing an inclusive community for all students. Simply hiring diverse
faculty is not enough. Work at all levels is needed to ensure that effective
faculty are retained and promoted. Valuing teaching from all types of in-
structors is one step to cultivating an equitable environment.

These faculty-focused policies are an example of actions that require an
alignment of efforts between unit practices and institutional policies. For
example, one important component of faculty retention specifically related
to teaching is how teaching evaluation, recognition, and reward practices
are carried out. This is clearly a complex subject that interacts with many
other components of the larger system, and one that does not always get
prioritized by the academic unit or the institution.

Reflect on the Role of Grades

Letter grades are considered a staple of the educational system, but
the history of the system is more complex than usually recognized today
(Durm, 1993; Schneider & Hutt, 2013). In higher education, there have
been numerous approaches to grading over the past several hundred years;
a 100-point scale, common in the 19th century, was phased out in the 1900s
such that by the 1940s an A-F approach was fairly ubiquitous, potentially
still tied to a 100-point scale but considered more reliable due to potential
inconsistencies with how points were assigned (Schinske & Tanner, 2014).
A detailed description of both the history of grading and what grading is
meant to achieve for students and the institution can be found in the paper
by Schinske and Tanner (2014), including a discussion of the emergence of
grading which is commonly associated with foundational STEM courses:

As research on intellectual ability appeared to show that, like other con-
tinuous biological traits, levels of aptitude in a population conformed to
a normal curve, some experts felt grades should similarly be distributed
according to a curve in a classroom (Finkelstein, 1913). Distributing grades
according to a normal curve was therefore considered as a solution to the
subjective nature of grading and a way to minimize interrater differences
in grading (Guskey,1994). Others worried that measuring aptitude was
different from measuring levels of classroom performance, which might
not be normally distributed (Schneider & Hutt, 2013). (Schinske & Tan-
ner, 2014, p. 158).
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More and more, the use of a normal distribution within the sample of
an individual course has led to concerns about the validity of grades repre-
senting learning (Bowen & Cooper, 2021; Eyler, 2024). Some schools have
experimented with the removal of grades in favor of assessment models
like student portfolios or narrative grading, while others have looked at
using “badges” or “microcredentials” to signify mastery of specific skills
rather than approaches that assign letters or numbers without context
and therefore do not connect grades to specific skills or abilities (Ferguson
& Whitelock, 2024; Reed, 2023). Some institutions have chosen to not
calculate grade point averages (GPAs) and/or not record failing grades
(e.g., Burke, 2022), as repeating a course is considered penalty enough
and recording failing grades creates a GPA burden that is very difficult to
overcome. More recently, there have been suggestions of alternative grading
approaches usable in classrooms (Townsley & Schmid, 2020) that attempt
to make grading more relevant and equitable, including approaches such
as specifications grading. Specifications grading is a term for a combina-
tion of multiple types of grading approaches. It includes mastery grading in
which students demonstrate proficiency before continuing to the next topic
as well as competency-based grading where students can show mastery
through a choice of assessments. A variation is contract grading in which
the instructor offers multiple options in advance and the students have
choices about which components to complete, and the anticipated grade or
requirement for credit is known in advance based on the choices selected
by the student. The instructor selects the options for assignments in a way
designed to ensure students meet the learning objectives for the course
(Bonner, 2016; Howitz et al., 2021; Larson, 2023; Nilson, 2015; Townsley
& Schmid, 2020).

Some research suggests that the most commonly used grading systems
have the most negative impact on students with the lowest number of sys-
temic advantages and that small differences in points awarded that lead
to different letter grades can impact a student’s choice of major (Castle et
al., 2024; Dika & D’Amico, 2016; Koester et al., 2016; Li & Xia, 2024;
Malespina & Singh, 2023; Matz et al., 2017; Seymour & Hunter, 2019;
Whitcomb et al., 2021; Wright et al., 2016; Xie et al., 2015). Therefore,
these approaches to grading create barriers to inclusive STEM outcomes
at the course and program levels for students belonging to one or more of
the commonly underrepresented groups: low socio-economic status; first-
generation college attendance; female; lesbian, gay, bisexual, transgender,
queer/questioning, intersex, asexual/aromantic/agender, plus other related
identities (LGBTQIA+); and/or racial/ethnic minoritized status. Further-
more, even with all the variations in grading approaches—which arise for
a range of factors, from different instructors teaching the same course to
inconsistencies between courses in an academic unit, and from differences
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between academic units to the even more varied approaches that are pos-
sible between different institutions—it can be easy to make high-stakes
decisions about who is qualified to continue in STEM, receive a STEM
degree, and how worthy they are as graduates—all based on the imprecise
measure of grades.

Campus leadership also has a role in shaping the use of grades; one
face of this is to organize an analysis of the courses where inequities across
groups are more prevalent, with particular emphasis on large, introductory
courses. Such an audit of grading practices and outcomes requires follow-
up with support for implementing improvements in grading practices that
are supported by the literature to avoid introducing additional bias into the
grading approaches (Bowen & Cooper, 2021; Ekstrom et al., 1994; Felder
& Brent, 2024; Feldman, 2023; van Dusen et al., 2021).

In the end, administrators need to consider that historically, grades
have been assigned a tremendous amount of value, but they are actually an
approach that takes limited input and assigns those generalizations an out-
sized impact. Additional research on more holistic approaches to evaluating
the capabilities of STEM students is needed, with special attention to em-
phasis on approaches that value the ability to learn and overcome struggle.

ANALYZE INSTITUTIONAL DATA

This section focuses on how data can be leveraged to define goals, mea-
sure progress, and guide movement toward equitable and effective STEM
teaching at the institutional level. We purposefully choose to consider data
as they pertain to the range of interrelated dimensions that together make
up the institution, from the individual instructor in the classroom to the
college or university administrator who makes and implements institution-
wide policies. Data are crucial at every level as stakeholders think about
goals, measure progress, and guide improvement. The committee acknowl-
edges that structures and resources may vary widely among institutions,
so we discuss issues from a general perspectives and guidance that can be
applied in a variety of ways.

As reflected in Principle 5: Multiple forms of data, data and self-reflec-
tion are important tools that provide evidence to inform continuous im-
provement. Data alone, however, do not make change happen. Data are an
input to decision making and one component of raising awareness of poten-
tial challenges in achieving equitable and effective teaching—an awareness
that can be used to increase buy-in and participation across the institution.
Without data, understanding what is and is not working in undergraduate
education, and why, becomes extremely difficult, leaving stakeholders to
make decisions based on anecdotal experiences and individual perspectives.
It is crucial, then, to use data to determine what the potential challenges are
and to discern what further data points might be needed to craft a solution.
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Data are part of a complex system that can help reveal insights into
intent, support, and culture and can reveal information about these various
factors and their interrelationships. Thus, it is important to remain aware
of the power dynamics at play when data are gathered, interpreted, and
used to inform action. As Taylor (2020) described, leaders of student suc-
cess initiatives are increasingly pressured to use the language of data-driven
decision making to justify programs and their corresponding results. There
may also be significant challenges for everyone involved in student success
initiatives to access the data used to drive decision-making processes, and
data-driven decision making can pit student success initiatives against each
other by setting up competition for resources, and silence institutional per-
sonnel who push back against data-driven reform efforts (Taylor, 2020).
Taylor’s analysis shows that quantitative data are often inappropriately
treated as superior to qualitative data points when both are valuable. The
perspectives and life experiences of the people designing studies and those
collecting and analyzing qualitative and quantitative data influence the
categories that are chosen and many other aspects of data use (Castillo &
Gillborn, 2022; Delamont, 2012; Gillborn et al., 2023; Hatch, 2023).

Ways of Using Data

There are multiple types of data and multiple ways to use data. Both
quantitative and qualitative data can be used for strategic planning, pro-
gram evaluation, and instructors’ annual reviews. Quantitative data may
comprise the student outcomes that programs often use to gauge students’
progress, including course pass/fail/withdrawal rates, Fall-to-Fall retention,
enrollment numbers, and student responses to class evaluations, among
others. Qualitative data may be in-class assessments given by the instructor
asking students how they feel about their learning (e.g., exit tickets students
submit before leaving class, Plus/Delta charts where students submit quick
answers to what added value (plus) and what should be changed (delta),
exit interviews when students leave or graduate from programs; focus
groups and individual interviews with students; and content analyses of
artifacts (e.g., syllabi, student assignments). Different data points can be
used to guide planning and action at the course, program, department, col-
lege, and institutional levels. McNair et al’s (2020) book From Equity Talk
to Equity Walk: Expanding Practitioner Knowledge for Racial Justice in
Higher Education provides a thorough discussion of how equity-informed
data can guide reform at multiple levels. The book is centered around
themes of great relevance to equitable and effective education and how to
promote equity through alignment of mission and priorities, and strategies.
Institutions can invest in or fine-tune their data structure to support such
missions and priorities and to inform strategies. For example, Meraz (2022)
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described an effort in the California community college system wherein
faculty were given access to an equity dashboard that allowed faculty to
view the academic performance of their students based on gender, race,
and ethnicity. These data, along with targeted professional development
resources and communities of practice, allowed faculty to diagnose issues
in their teaching and make improvements (Carlson, 2022; Gonzales &
Culpepper, 2024; Meraz, 2022).

Thoughtful data collection and usage involves three important areas:
intent, guidance, and cultural context. Each of these areas can be considered
at the class, academic unit, or institutional level. Here we provide examples
at various levels as all are relevant to the thinking of institutional leaders
using data to drive change.

The intent behind collecting and using data can span from supportive
to supportive and critical (called here as “critical friend”) to purely judg-
mental. Take, for instance, the range of responses to the instructor of a
course with a large gap in D, F, and withdraw (DFW) rates by gender or
race. A purely supportive approach may ask questions to better understand
the situation and why inequities exist and what is within the instructor’s
control to alter; a slightly more critical friend might highlight teaching
practices that have been shown to reduce DFW rates with the hope that the
instructor sees the value in engaging in professional development in these
areas. A critical friend approach could employ the supportive approach,
acknowledging that a change is needed to improve the situation, but also
work with the instructor to identify and strongly suggest potential interven-
tions while supporting ongoing data exploration. A judgmental approach
would label the instructor as not able to work with different groups of
students and take some punitive action based on the judgment.

At the department level, a department chair may see data that one or
more of their introductory courses have an unacceptable DFW rate of 30%
to 60%. A supportive approach in this case might consist of acknowledging
the poor outcomes with colleagues and blaming the admissions unit, the
preparation of the students, and/or their willingness to work hard. If adopt-
ing a critical friend perspective, the chair could acknowledge the challenge
of working with students from varied backgrounds, acknowledge the rates
are unacceptable, and create a plan supporting instructor development and
course structure and pedagogical experimentation to work toward improve-
ment. A judgmental perspective may have the chair decide that the current
instructors are incapable and replace them with a new group to try again
and hope for a better result. An important point is that the intent can be
aimed toward the students, the instructors, and/or the administrators. What
appears to be supportive, critical, or judgmental can dramatically change
based on who the actions are aimed at. Box 9-1 gives a brief example of
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BOX 9-1
Moving Toward Equity via Course Redesign

sistants to provide students with personalized support.

of the pandemic.

SOURCES: Vito et al. (2024); Gutiérrez (n.d.).

Using the disaggregated data for formative and summative course redesigns
has led to marked improvements in student success. For instance, the data on
DFW rates for students in math gateway courses at the Department of Mathemat-
ics at The University of Texas at San Antonio helped to drive initiatives for change.

The institution made decisions that decreased class sizes, increased the
salaries of the faculty teaching these courses, and brought in more teaching as-

Increased performance in mathematics was seen, with the D, F, and with-
draw rate on these courses dropping from 35% in Fall 2019 to 25% in Fall 2021.
Furthermore, these gains were sustained over time and through the challenges

Academic innovation is fundamentally rooted in data-informed strategies,
underscoring the importance of consistent data analysis to shape effective edu-
cational practices (Principle 5: Multiple forms of data). This precise approach
enables specific interventions tailored to the diverse needs of student groups
(Principle 2: Leveraging diverse interests, goals, knowledge, and experiences).

how data have been used by an institution to inform redesign of courses in

ways that promote higher student success.

In connection with intent comes the approach toward guidance. Some
instructors will receive significant guidance on how to use data and others
will be left to figure it out on their own. When considering the main ways
that instructional data are shared with instructors and administrators, it
is often via a report or dashboard. Those modalities by themselves do not
dictate the level of guidance that accompanies them, but often they end up
as stand-alone tools that are intended to inspire the “necessary” actions in

their users but do not clearly identify or enumerate those actions.

Some reports and dashboards come with informational material to pro-
vide guidance both for interpretation and potential actions. This guidance
can be written into the report and/or part of a compilation of interlinked
dashboards, each with its own individual guidance, or can come in the
form of formalized instruction. The lessons can be short term, allowing
full access upon completion, and/or can take the form of a more extended
learning community where faculty and administrators are exposed to the
assumptions, limitations, and capabilities of the data along with ideas for
structuring student-centered asset-based conversations and actions at the

level of instructors and department administrators.
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A few examples of this work include (a) the Foundational Course
Initiative (FCI)> at the University of Michigan where large introductory
courses are revised with departmental teams working with the Center for
Research on Learning & Teaching and supported by extensive disaggre-
gated data, (b) the Indiana University faculty Learning Analytics Learning
Community,® (c) the California State University Equity Dashboards and
Community College dashboards,” and (d) the Sloan Equity & Inclusion in
STEM Introductory Courses Stem Equity Learning Community project?
and resulting course equity reports and communication approach (Carlson,
2022; Meraz, 2022, Rehrey et al., 2019).

Often, these more elaborate approaches are facilitated by teaching and
learning center staff, an institutional researcher/learning analytics expert,
and/or an administrator focused on educational effectiveness. Since guid-
ance in data interpretation always comes with a point of view, the perspec-
tive of the author/deliverer of the guidance needs to be explicit to avoid
concerns of hidden messages. In the learning community situation, the
group facilitator helps to guide, but not completely dictate, the direction of
conversation allowing this approach to often be more palatable and acces-
sible to multiple viewpoints and interpretations of the data (Margalef &
Roblin, 2018; Ortquist-Ahrens & Torosyan, 2009).

Lastly, we turn to the importance of cultural context. Culture includes
behaviors, norms, and expectations defined at the disciplinary, institutional,
and departmental levels with disciplinary and departmental norms often
playing the key role in STEM fields. The setting in which data are inter-
preted can influence how they are perceived and interpreted, and potentially
which actions are taken based on them. Potential questions to ask to help
reflect on the setting, culture, and context that might be influencing data use
include the following: Does the discipline pride itself on the complexity of
their area? Is interdisciplinarity valued? Is there a belief that few are able to
succeed in the area due to exceptional intellect needed to succeed? Is there
greater value placed on abstract/theoretical components than applied? Does
the department believe they are one of the few upholding rigor? Does the
institution espouse and reward an equity-minded student-centered perspec-
tive toward undergraduate education? The answers to these questions and
more could affect what data will be collected, who they will be shared with,

5 More information about the FCI is available at https:/crlt.umich.edu/fci

¢ More information about the Learning Community is available at https://ctl.indianapolis.
iu.edu/Programs/teaching-with-learning-analytics

7 More information about the Course Equity Portal is available at https://cep-info.
dashboards.calstate.edu/

8 More information about the SEISMIC Collaboration is available at https:/www.seismic
project.org/about/overview/
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how they will be perceived and, ultimately, what impact they may have on

STEM education.

Even after the data and approach to their use are clear in the form of
intent, guidance, and cultural context, it is still important to consider the
individual, or individuals, using the data and their own individual experi-
ences with data and with teaching. Often STEM faculty and administrators
have dealt primarily with quantitative data. While they will often have some
experience with survey data, data from sources such as observations, focus
groups, and interviews can be less familiar. In addition, some STEM focused
researchers may be uncomfortable incorporating qualitative data that apply
to feelings, perceptions, and opinions, and may benefit from guidance on

how this type of data can be interpreted.

Measuring Progress in Multiple Ways

The measurement of progress implies the use of one or more forms
of data to make informed decisions about the current state as well as sug-
gest metrics for a desired state. Two forms of data, and an intermediate
form, are important to consider: quantitative, qualitative, and categorical
(a mixed form containing features/elements of both). Quantitative data are
numerical (e.g., age, test outcomes, number of credits attempted, percent
of total points, course enrollment, etc.), tend to answer questions such as
how many, how much, and how often, and are usually collected as part
of the institution’s standard processes (admissions, Registrar) and through
various assessments. Qualitative data describe perceptions, characteristics,
behaviors, and experiences (e.g., course experience/evaluation of teaching,
sense of belonging, perceptions of classroom and campus climate, etc.), tend
to answer questions such as what, why, and how, and are collected through

surveys, focus groups, interviews, and/or observation.

The intermediate form of categorical data (e.g., gender, Pell eligibility,’
race/ethnicity, major, letter grade, enrollment type, prior schooling, veteran,
etc.) is based on generally constructed definitions and is usually collected
through questionnaires or derived based on quantitative data (Pell status).
Categorical data are generally considered qualitative, but they are sepa-
rated here as they are based less on experience or opinion and more on
shared definitions which tend to be mostly stable over time but are subject
to the understanding of those that define it. For example, the dominant
racial/ethnic group defines who is in the underrepresented group, but the

? Pell-eligible students are those from families with low household income. The precise in-
come levels vary with family size and several other factors. Students access Pell grants via the
Free Application for Federal Student Aid. Pell grants are frequently used as a proxy for social

and economic status in discussion of higher education.
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definition is subject to interpretation and can change over time. This can be
seen in how Asian/Asian-American workers are not considered underrepre-
sented in science and engineering fields by the National Center for Science
and Engineering, National Science Foundation (NCSES, 2023a), while the
Department of Education classifies Asian American and Native American
Pacific Islander Serving Institutions as Minority Serving Institutions based
on their percentage of Asian/Asian-American students. Neither of the defini-
tions used make the actual people involved immune to experiences similar
to other minoritized groups. Categorical data also tend to raise a small
number of questions of objectivity, though maybe it should raise more.
Classification is complex but useful for data analysis. First-generation at-
tendance, Pell eligibility, gender, and other categorical variables can and
often do change definition over time so some students may fit one or more

of these categories in any given academic year but not in the next.

In general, quantitative data hold a privileged position in STEM con-
versations likely due to the similarity in numerical analysis approaches ap-
plied in STEM research. Qualitative data often are the least appreciated in
STEM as they are often relegated to the realm of “opinion” because they
relates to perception and experience, realms most often associated with
social sciences (which many research funding agencies in the United States
recognize as part of STEM but many natural and physical scientists may
not). Even with these challenges in what type of data may be favored, to
cultivate equitable and effective teaching, data can be used to depict the
lived experience of the students. This need will most often require all three

forms of data to be available for analysis and interpretation.

Data Dashboards and Decision Making

Understanding what types of data are useful to measure progress does
not mean they are readily available to those who can use them to support
and enhance equitable and effective teaching. In most higher education set-
tings, whether community college, four-year liberal arts, or comprehensive
research institutions, the data are often siloed in a combination of settings

that can include numerous categories:

Admissions: past student records and demographics
Registrar: course and program registrations and outcomes
Financial aid: Pell grants and scholarships
Personnel: instructor information

assessments
Departments: evaluations and teaching assignments
e Special programs: participation

Individual classrooms: course elements, student participation, and
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Advising: participation and reasons

Supports: tutoring and other support participation
Budget and finance: income and expenses
Facilities: classroom space affordances

Health: physical and mental

Extracurricular participation: clubs, sports
Alumni: post-graduation outcomes

Depending on the size and resources of an institution, some of the
data-collecting and interpreting functions may be combined. An institu-
tional research entity (from one individual to many individuals) may have
the express duty of combining data from multiple data silos and reporting
this synthesis to leadership, with a subset of data used in reporting to a
broader campus community. Externally administered undergraduate ex-
perience surveys (e.g., University of California Undergraduate Experience
Survey,!? National Survey of Student Engagement,'’ Community College
Survey of Student Engagement,'? and student surveys by the Higher Educa-
tion Research Institute!3) can also inform improvement efforts. Data from
surveys can provide a window into student experiences at the department,
college, and institution levels over time, highlighting positive and negative
trends. These tools can be expensive for institutions, however, and it may be
difficult to get students to spend the time needed to provide the necessary
information, which can result in low response rates and less helpful data.

Data governance and security, from completely absent to highly evolved,
also determines the process and availability of data for informing equitable
and effective teaching. Some institutions have handed over the process of
data ingestion, clean-up, analysis, and visualization to private entities, often
at substantial cost. This can lead to limited access for individual instruc-
tors. Local efforts focused on equity in introductory STEM courses have
developed in a variety of institutions including those associated with the As-
sociation of American Universities (AAU) STEM initiative,'* NSF Improv-
ing Undergraduate STEM Education grants, HHMI Inclusive Excellence

10 More information about the University of California Undergraduate Experience Survey
is available at https://www.ucop.edu/institutional-research-academic-planning/services/survey-
services/UCUES.html

11 More information about the National Survey of Student Engagement is available at
https://nsse.indiana.edu/

12 More information about the Community College Survey of Student Engagement is avail-
able at https://www.ccsse.org/

13 More information about the surveys conducted by the Higher Education Research Insti-
tute is available at https://heri.ucla.edu/overview-of-surveys/

14 More information about AAU’s STEM initiative is available at https://www.aau.edu/
education-community-impact/undergraduate-education/undergraduate-stem-education-initiative
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projects,’> and the Sloan Foundation-funded Sloan Equity & Inclusion in
STEM Introductory Courses (SEISMIC) Collaboration.!® Some institutional
efforts turn into national-level consulting approaches such as Georgia State
University’s National Institute for Student Success.!” In general, external
funding has enabled a variety of tools and approaches to be developed
and disseminated to a broader number of schools. While attempts at un-
derstanding how equity-focused visualizations can impact faculty thinking
(Reinholz et al., 2023), more complex collections of visualizations and sug-

gestions are available in the form of course equity reports.!®

Here we present several examples of data dashboards or other tools for
collecting, collating, analyzing, and visualizing data. These examples were
chosen to illustrate a variety of approaches and a variety of data types.
Most of the tools have other features we do not explore here as well as new
features that may have been recently added or are currently under develop-
ment. Because tools of this complexity are relatively new, the impact that
such approaches could have on efforts to achieve equitable and effective
teaching has not been methodically studied. We share them here for their
potential promise and for the kinds of questions they can raise for decision
makers. An approach for making your own dashboard!® to visualize inequi-

ties has also been described (Tatapudy et al., 2024).

Box 9-2 shows an example of an equity dashboard that provides data
on academic units that provide courses for students who are majoring in
another field. This example was chosen to illustrate how thinking of donor
and acceptor departments can inform the pathways students take through
their undergraduate education. The student flows as they leave one major
and declare another can be considered in the context of the number of effec-
tors students hold. An effector is term that signifies a student as belonging
to an underserved group and serves as a mechanism for better understand-
ing inequities. The University of California, Santa Barbara, has used this
tool along with a suite of complimentary tools to improve understanding
of student experiences and has coupled the tools with professional develop-

ment on their use.

Box 9-3 shows a different type of equity dashboard that is designed for
use by an instructor and is easily accessible from course software they are

15 More information about the HHMI Inclusive Excellence projects is available at https:/

www.hhmi.org/programs/inclusive-excellence-3

16 More information about the SEISMIC Collaboration is available at https://www.seismic

project.org/
17 More information about NISS is available at https:/niss.gsu.edu/

18 More information about course equity reports is available at https://www.seismicproject.

org/seismic-central/the_selc_grant/
19 https://theobaldlab.shinyapps.io/visualizinginequities/
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BOX 9-2
Equity Dashboards at the University
of California, Santa Barbara

The University of California, Santa Barbara (UCSB) has created a guided
pathway system for instructors and administrators to engage with data. For these
visualizations, the campus developed the terminology “effectors of opportunity”—
e.g., systemic factors shown to have a relationship to educational access—to
disaggregate the data. Students might hold 0, 1, 2, or 3 effectors: low-income,
first-generation attendee, and/or member of a minoritized group (1, 2, 3), or none
of these (0).

Via questions surrounding specific “pages” of extensive data dashboards,
the pathway provides disaggregated visualizations for users to begin by examin-
ing quarter-by-quarter program-level patterns, such as a flow diagram showing
graduation rates in the major for students who “start in” (see Figure 9-2-1) or
“switch into” (see Figure 9-2-2) majors (for entering first-year or transfer students;
note that UCSB is on the quarter system).

Then, depending on what users of the system observe, they can move to
other visualizations to look at more specific points in the selected group’s trajec-
tories to learn more, e.g., at what point in the program different effector groups
switch in/out via change of major; pre-major to major trajectories; etc. Next, users
can look at disaggregated data focused on course performance at multiple levels
(e.g., division, major, lower or upper division). Finally, instructors can receive
course-specific reports and equity-focused questions relevant to teaching: Data-
Enhanced Teaching and Learning (DETAIL), and the institution’s Course Equity
Reports (originally developed as part of the SEISMIC collaborative).

% in[[Dept_] at each quarter of enroliment by # of Effectors
2mong students who started in[ Dep
2017 to 2020 Entering Frosh Cohorts Combined

100%

FIGURE 9-2-1 Percentage of students enrolled each quarter who started in that department.
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BOX 9-2 Continued
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FIGURE 9-2-2 Percentage of students enrolled each quarter who switched into that department.
SOURCE: Data Dashboards, https://otl.ucsb.edu/data-dashboards (University of California,
Santa Barbara, n.d.).

BOX 9-3
Equity Dashboards at University of Nebraska-Lincoln

At the University of Nebraska-Lincoln, every instructor can access course-
specific dashboards through a customized link embedded in the course software.
Instructors can view average assignment grades disaggregated by a wide variety
of demographics, including first generation or rural/urban background. The assign-
ments can be summed into assignment groups (see Figure 9-3-1).

Performance Demographlcs Metric
et RESERSES ) oA & = B FirstGen

Number percent Il Continuing

i 500 20 -0 on e e
Cluster Assign. = oU 0 80 90% 100%
R 36 o®
Ex 32 o @
E 7 ) .

50 60 70 80 90% 100

FIGURE 9-3-1 Performance on individual assignments.
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BOX 9-3 Continued

interventions.

Grade Demographics Across Semesters

FIGURE 9-3-2 Data on DFW course grades across semesters.

Instructors can link out to another view that shows them their course DFW
rates across semesters disaggregated by the same set of demographics (see Fig-
ure 9-3-2). For small enrollment courses, instructors can sum across semesters
in order to reduce noise. These views are complemented by campus-wide initia-
tives to engage and support instructors in self-reflection as they trial pedagogical

Course Semesters
: M Aggregated
= @ Underrepresented
B Represented
(@]
o
o
° @
©

SOURCE: Course Insights, https://analytics.unl.edu/ (University of Nebraska-Lincoln, n.d.).
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already using. It illustrates how a set of tools can be created to visualize
disaggregated data for course and department outcomes as well as disag-
gregated outcomes from the learning management system that is in use by
the entire university. It is notable that this tool was made broadly available
with minimal oversight at the University of Nebraska-Lincoln, and that the

institution is slowly growing its community of users.

Box 9-4 shows a third example of equity dashboards that demonstrates
how a tool can provide customized results for each instructor within a
24-institution system, the California State University system. It shows in-
structors disaggregated course outcomes along with any equity indicators
observed in their data. Notably the data are coupled with guidance and
self-reflection opportunities to help instructors consider the implications of
what they see and determine how they can use it to decide where to focus

their efforts at improving teaching.
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BOX 9-4
Equity Dashboards at California State University

The California State University Course Equity Portal provides each faculty
member across the whole system of 24 institutions with historical course grade
records and identifies students with notable equity gaps in the rates at which they
received low or non-passing grades. Criteria for selecting which courses to show
faculty include effect size, overall size of the difference (e.g., must be greater than
10 percentage points difference), and recency. The portal intentionally biases
presentation toward more recent terms rather than showing gaps in a course that
may have occurred many years ago (see Figure 9-4-1).

For your PSY 204 sections in Spring 2023,

There were indications of equity gaps in D, F, Wu, or NC grades received by First Gen, Pell, and URM students.

- — —

Q What This Means

© Wy This Mateers >

I i 22 Self Reflection Questions

L View Data Tables

FIGURE 9-4-1 Disaggregated data on DFW course grades.

They include several pop-up FAQs explaining (a) what is shown and why it
was selected/criteria used; (b) why it matters—some faculty may not see a clear
connection between their in-class teaching and student contact and the long-term
outcomes of their students (e.g., retention and graduation rates) so these con-
nections are discussed; and (c) self-reflection questions (see Figure 9-4-2). This
last is critical in part because it could be natural for instructors viewing data like
these to slip into a defensive and/or deficit mindset; the self-reflection questions
can help faculty move themselves toward more constructive/productive questions.
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BOX 9-4 Continued

For your PSY 204 sections in Spring 2023,

There were indications of equity gaps in D, F, Wu, or NC grades received by First Gen, Pell, and URM students.

What This Means.

What counts as D, F, Wy, and NC grades?
These include grades of D+, D, D-, F+, F, F

o unauthorized Withdraws (W), and "No.
Credit". They do not include authorized

‘What This Means

p his Matters >

™ Why are you presenting this finding to |+ el Reflection Questions

me?
Our algorithm pulled up this particular

H observation for this course because more
than 10% ofits students received D, F, Wu,
and NC grades and because this rate was
notably higher than that of students.The
10% threshold was selected as a benchmark
because tis the 75th percentile for D, F, Wu,
and NC grade rates observed across the CsU
over the past 5 years. (show less)

M View Data Tables

Am 1 supposed to keep the rate of D, F,

Wu, and NC grades below 10%?

Itis up to you and your department to

| determine if the rate of D, F, Wu, and NC
grades is appropriate for your course.

FIGURE 9-4-2 Explanatory text in dashboards designed to guide instructors in interpreting
data.

SOURCE: Course Equity Portal, https://www.studentsuccessanalytics.com/courseEquityPo-
rtal.html (California State University, n.d.).

Box 9-5 presents one of the earliest tools (2016) that provided detailed
aggregated student information to each instructor about the classes they
have taught in the past as well as upcoming classes. Additionally, it pro-
vided instructors information on how different student characteristics, as
well as intersectional identities, performed in the courses they taught, giving
them a first-even view of inequities in outcomes. This tool provided a form
of inspiration for the other three tools mentioned. Even though this is an
old tool, it provides a clear way to see disparities in access by instructor and
is notable in part because many across higher education still do not have
access to such information on their own students.

Critically, users of data, whether instructors, department heads, or
institutional administrators, need support and guidance to disaggregate,
interpret, and use the data in ways that minimize bias (see, e.g., McNair et
al., 2020). Simply providing data without context and appropriate discus-
sion can lead to unintended consequences or encourage a deficit mindset.
For example, predictive analytics could be used to identify students needing
additional support or to label or exclude students. Equity gaps in student
performance could be used to identify instructors needing additional sup-
port or professional learning opportunities, or to judge and punish.
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BOX 9-5
Know Your Students at the University of California, Davis

Know Your Students (KYS) at the University of California, Davis (UC Davis)
is a web application developed to help instructors plan and execute their courses.
It provides information on learning and grades for small and large classes. KYS
presents aggregate student demographics and academic data at the course level
as well as student testimonials about their background and experience at UC Da-
vis (see Figure 9-5-1). It also serves as a tool that instructors can use to survey
students in a course, examine inequities at the assignment level, and reflect on
the language used in recorded lectures.

The tool was designed with the intention of providing information that might
inspire empathy and motivate course change efforts that could improve overall
student learning and equity.

All users only have access to the courses they have taught. Any instructor
who would like access to the full set of charts and visualizations showing de-
mographic information about the students they teach as well as historical grade
gaps must go through training and/or consultation with the teaching center. In the
example, the full dashboard is shown as a strip at left with two highlighted sections
showing general class demographic variables for current class (top) and specific
equity gaps selectable by group over the time the course is taught (below).

o z = I W
Class Size Transfers Academically Distressed
521 13(25%) 13 (2.5%)
Repeaters Avg Student Experience ESL Students
13 (25%) 3.02 Terms 129 (24.8%)
> Qv © Q v
FG+ Ui First Generation
43(83%) 176 (33.8%)
5 Q-
URM International o
98 (18.8%) 65 (12.5%)

Low Income
123 (23.6%)

Course Grade Gap Chart for Times You Have Taught

FIGURE 9-5-1 Aggregate student demographics and academic data at the course level.
SOURCE: Know Your Students, https://cee.ucdavis.edu/know-your-students (University of
California, Davis, n.d.).
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Tools and Approaches Across the Instructional System

While equitable and effective teaching might at first appear to be solely
the domain of an individual instructor impacting their classroom, the reality
is that moving toward teaching that is equitable can have a much broader
impact when such change is approached systemically. Many introductory
STEM courses are taught by groups of instructors that, when coordinated,
can impact a much larger group of students than any individual instructor.
In addition, courses connect with each other within and between depart-
ments, and none of them exist independently of academic unit and institu-
tional policies (see Figure 9-2). Therefore, institutional leaders might have
to consider these interconnections and the data about the courses in their
decision-making process. Institution-level change can benefit from tools
and approaches that measure and support progress across various levels
of users from the individual to the instructor group to the academic unit,
collection of academic units, and the whole campus. Specific ideas and ap-
proaches to data at the various levels have been illustrated in Chapters 6 on
academic units, courses, and curriculum and Chapter 7 on pathways. Here
we illustrate some of the interconnections across academic units that help
explain why course-level data might be of interest to institutional leaders
(Figure 9-2).

Similarly to how the data suggested by Figure 9-2 can be of use at
multiple levels of the system, other course-level data can inform systemic
change efforts. Buy-in to those systemic change efforts can be enhanced
by sharing of data to STEM instructors when it is done in a thoughtful
way and via useful informative tools. The majority of STEM instructors
have been trained to look for and appreciate data. Unfortunately, in most
higher education classrooms they are limited to the data that they generate
by their students’ level of learning through homework, quizzes, and tests.
While these forms of data provide insights into students’ performance, they
tend to reflect the outcomes of students’ prior opportunities rather than of-
fering insights into potential inequities. As a result, these assessments offer
limited guidance on how instructors or instructional teams can address and
mitigate these inequities. Implementing alternative grading methods that as-
sess specific learning outcomes can provide instructors with additional and
more detailed data (see Chapter 5) and help them see the inequities that
they might be able to address.

Administrative leaders can encourage and support instructors’ access to
valuable information such as who is enrolled, which can be shared via read-
ily accessible dashboards or course reports. Real-time information about
student engagement with course materials via the learning management
system can help gauge who may need additional attention and system-level
early warning systems can guide instructor-student interventions where they
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FIGURE 9-2 Course taking across multiple STEM departments.
NOTE: Data can be collected and analyzed at the level of individual instructors,
at a course level, as connected between courses in a sequence, within an academic
program, how courses connect between programs, as well as aggregated at the level
of related academic units and/or the institution.
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are most needed. Additionally, affective measures (qualitative or quantita-
tive) such as sense of belonging and departmental climate can be part of a
campus-wide data collection effort that is distributed back to departments
and instructors and teaching and learning centers can help gather and
interpret qualitative data that can help an instructor make instructional
corrections when they still have the chance to impact student outcomes.
In all these instances, departmental and institutional leaders can create the
expectations and infrastructure for these forms of data to be normalized
throughout academic units and the institution.

When considering course-level innovations to foster effective and eq-
uitable teaching, there are multiple approaches to data for instructors and
instructional communities that are being employed. Course teams and
learning communities rely heavily on administrative support both for data
access as well as for resources to make a well-informed coordinated com-
munity possible. Groups of instructors could work together, informed by
detailed disaggregated data of prior student outcomes, in order to create
courses that prioritize equitable and effective teaching. Additionally, pro-
viding structure at the introductory levels via course coordinators, whose
primary job is to create a team teaching a highly structured course that is
meeting in multiple sections with multiple instructors throughout one term,
can provide a consistent student experience that has continuous improve-
ment at its core. Lastly, supporting departmental action teams (see Chapter
6) and interdepartmental learning communities can ensure that valuable
instructional expertise gained in one discipline has the opportunity to im-
pact other disciplines within related academic units. None of these activities
can be optimized without data resources, compensation for time spent on
this, and a clear message of the value of equitable and effective teaching
communicated throughout the academic unit and institution.

When considering data at the level of the academic unit there are mul-
tiple opportunities that allow STEM units to gauge their progress toward
equitable and effective teaching—teaching communicated throughout the
academic unit and institution.

When considering data at the level of the academic unit there are mul-
tiple opportunities that allow STEM units to gauge their progress toward
equitable and effective teaching, including

Student flow

Elements of program structure
Course taking patterns
Course outcomes

Bottlenecks in the curriculum
Climate

Sense of belonging
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Analysis can consider the data in relation to policies and potential for
differential impact on different student groups. Student flow can be studied
with tools that make clear the paths that students are taking into and out
of programs. Such tools can help leaders of academic units determine where
a deeper look is warranted. Program structure can help a program look at
how their pre- and co-requisite structures enable or block the potential for
timely graduation and whether current requirements reflect actual student
needs. Bottlenecks in the curriculum can then be identified, and potential
course and/or structural changes encouraged to smooth student progress in
a program (see Chapter 6). Aside from logistical and course outcome im-
provements, one also needs to be aware of the climate, student perceptions,
and their sense of belonging. Examining policies within a course, academic
unit, and beyond can help instructors and administrators to understand the
impact the accreted structures created have on equitable and effective stu-
dent outcomes. For all this work, academic unit leadership and above need
to ensure that data are available for all forms of improvement work and
encourage data collection that is both qualitative and quantitative and that
gives information of various types (e.g., student learning, student engage-
ment, instructor engagement, teaching practices, instructor participation in
PLD, etc.) as well as providing time, resources, and guidance on how to use
these forms of data.

While some of the examples mentioned in this section focus at the
academic unit level (e.g., the department), many of the same approaches
mentioned will also work when reviewing these elements at the institutional
level—whether that is within a college or school within a university, a col-
lection of academic units, student services units, or the whole institution.
In addition, as mentioned earlier, this level of data can be of value to insti-
tutional leaders working to make systemic change and to drive continuous
improvement toward equitable and effective teaching.

VALUE AND REWARD TEACHING

Recognizing and rewarding faculty for implementing equitable teach-
ing practices is essential to achieving equitable and effective undergraduate
STEM education. The institutional reward system can support and encour-
age such teaching practices at the classroom and departmental levels by
valuing teaching activities and rewarding equitable and effective teaching.
This may be done through revised promotion and tenure criteria that value
innovative and inclusive teaching, professional development opportuni-
ties, and appropriate compensation for the additional efforts required to
transform teaching practices. Revised teaching evaluation processes are
necessary to support these revised criteria. Aligning rewards with the goals
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of equitable and effective teaching can motivate educators to adopt and
maintain these practices.

Different Approaches to Teaching Evaluation

Many higher education institutions nationwide have been using student
end-of-term surveys as a form of teaching evaluation. In many cases, these
surveys serve as the sole basis for judging the quality of teaching. While
many of the surveys used include options for students to contribute writ-
ten comments, the quantitative portion of the survey data tends to be the
focus of annual faculty evaluations, such as considerations for merit raises
or promotion. This is largely due to the ease with which the quantitative
data are collected, processed, reported, and compared.

Such heavy reliance on this approach to evaluating teaching is a con-
cern, particularly within the context of our larger conversation about in-
clusion and equity. Numerous studies have documented biases that exist
in these student teaching surveys. While most studies on this subject have
examined the effects of faculty gender on survey scores (Boring, 2017;
Flaherty, 2022; MacNell et al., 2015; Mitchell & Martin, 2018), bias has
also been seen to result from the instructor’s race/ethnicity, accent, attrac-
tiveness, age, and LGBTQIA+ identity (Basow & Martin, 2012; Heffernan,
2021; Kreitzer & Sweet-Cushman, 2021). Furthermore, there is little evi-
dence that the scores on these surveys correlate with measures of student
learning or teaching quality, and some evidence to suggest that, in fact, they
do not (Esarey & Valdes, 2020; Spooren et al., 2013). This is not to say that
the student voice is not important in understanding what takes place in a
course. Instead, the information provided by student end-of-term surveys
must be understood as feedback and a reflection of the students’ own expe-
rience, not as a measure of teaching quality, and used appropriately within
that interpretation (D’Agostino & Kosegarten, 2015). One important way
to do this is to include multiple sources of evidence about an instructor’s
teaching, as described in Chapter 8.

Holistic approaches to teaching evaluation (see Chapter 6) have the
advantage that they can take into account the aspects of teaching that take
place outside of a classroom setting—whether that be the laboratory, the
field, or an online classroom—and would thus be invisible to students. For
example, there is a significant amount of work that takes place before a
course begins, such as planning a syllabus to include selected source ma-
terials, creating assessments and learning progressions, preparing course
materials, and engaging in professional development. While students will
see the finished products of these efforts, the reasoning behind them may
not be evident to a student; yet the approach to these planning steps may
indeed distinguish higher and lower quality teaching. Other components of
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teaching include advising students on such topics as their educational jour-
neys, majors, career aspirations, specific courses, undergraduate research
opportunities, or internships as well as engaging in community outreach,
or carrying out scholarly studies on teaching. These and other aspects of
teaching can be represented and properly valued in a holistic approach to
teaching evaluation, balancing the limited information from the in-class
feedback that has long been provided through student end-of-term surveys.

Reform of the Reward and Recognition System

Because the current approach of evaluating faculty teaching using pri-
marily (or solely) student surveys is so deeply flawed, it is difficult to prop-
erly recognize and reward teaching with this approach to measurement.
Therefore, we consider a discussion of the methods used for the evaluation
of teaching a core component of a larger call to reform teaching and the
educational experience for all students. Similar arguments have been made
by others, such as the Boyer 2030 Commission report, which states, “Align-
ing the faculty rewards structure with the stated educational mission of the
university is the most important reform we can make to ensure sustained,
authentic institutional change in the quality of undergraduate education”
(2022, p. 33). Similarly, others have said that when an institution uses a
well-rounded process to measure and reward teaching it is both fairer to
faculty members and better for students (McMurtrie & Supiano, 2021).

If considering the example of a college or university in which faculty
have both a teaching and research requirement in their contract, every
faculty member knows that they can achieve recognition for their innova-
tions, productivity, and creativity in the arena of research. They are able to
demonstrate their contributions through publications, grants, presentations,
and other metrics of research productivity, which are occurring on a regular
basis and hold legitimacy for others in the department or institution. This
varied list of metrics underscores the reasons that a multi-dimensional ap-
proach to examining teaching quality is also needed. In fact, for faculty
in disciplines where the connections between their discipline-based work
and equity issues are less clear, attention to equity-minded teaching can be
viewed as at best a distraction and, at worst, a waste of time (McGee, 2020;
Perez et al., 2023). Creating a system of evaluating teaching that everyone
at the institution can trust to be meaningful is a first step in raising the
value of teaching in the reward and recognition system and ensuring that
all teaching can be both equitable and excellent.

While the actions related to implementing a holistic teaching evaluation
approach will take place at the department level of an institution, the work
that will be required to formulate and use these practices will need support
from institutional leaders. In fact, reform of faculty evaluation in ways that
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will support equity-minded teaching is a third-order organizational change
(Marbach-Ad et al., 2016; Miller & Fairweather, 2016). However, without
changes to campus-level faculty evaluation policies, including workload,
annual and merit review, and promotion policies, it will be difficult to move
equity-minded teaching into the core of an institution.

SUMMARY

The higher education space has many types of institutions that vary in
their specifics. However, all institutions are responsible for implementing
equitable and effective teaching, and all face challenges in this work as well.
The committee acknowledges that the resources, structures, and titles of the
actors may be very different in different types of institutions, but the need to
provide courses for students resonates across disciplinary and institutional
types. Data can be useful at all institution types and at all levels within insti-
tutions. Multiple types of data can be used to provide various perspectives
on the components of the system and their interconnections and that can
in turn inform decision making to improve equitable and effective teaching.

Conclusion 9.1: Policies and procedures at the institutional level can ei-
ther impede or promote implementation of the Principles for Equitable
and Effective Teaching. Change toward equitable and effective teach-
ing will require coordinated effort from multiple levels of institutional
leadership and a culture of growth that is responsive to the needs of
students and instructors. Upper-level administrators (e.g., deans and
provosts) can analyze and reform policies and practices so that the
institutional reward system for faculty, instructors, and academic unit
leaders is aligned with the goal of equitable and effective teaching and
all stakeholders are supported in change efforts.

Conclusion 9.2: Institutional change is an ongoing process of continu-
ous improvement that can include (a) opportunities to become familiar
with goals and principles of change, (b) recognition of an academic
unit’s culture, (c) attention to power dynamics in the institution, and
(d) communication among key stakeholders.

Conclusion 9.3: Data, both aggregated and disaggregated, are a key
tool to understand, enact, and monitor change. Both quantitative and
qualitative data are needed to fully understand what is happening in a
system and to provide information to guide change efforts. Reflective
analysis of data best guides policy and practice decisions and informs
ongoing efforts at improvement. Grades, and the approaches to as-
signing them, do not convey the full complexity of information about
student learning.
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Recommendations for Current
Action and Future Research

Addressing inequities within the system of higher education involves
making changes at every level of the institution that enable instructors to
improve instruction in ways that benefit all students. Designing, implement-
ing, and improving equitable and effective teaching and learning requires
coordinated and intentional action by a variety of stakeholders across and
beyond the system of higher education, including not just instructors but
also academic unit leaders, institutional leaders, researchers, governing
boards, professional societies, funders of science, technology, engineering,

and mathematics (STEM) education, and students themselves.

Working toward equitable and effective instruction involves continuous
improvement with repeated cycles of reflection and innovation by instruc-
tors, both individually and collectively. This work demands the support of
academic units and institutional leadership. Focused attention on examin-
ing and improving the coherence of learning goals across course sequences,
programs, and majors can (a) help instructors clarify the overall goals for
students and facilitate improvements in individual courses, (b) facilitate
alignment of practices and policies at all levels with the Principles for Eq-
uitable and Effective Instruction, and (c) increase transparency and improve

student outcomes.

Structural changes and collective responsibility within and across in-
stitutions will be necessary for sustained and successful implementation of
equitable and effective teaching. These changes include ensuring that all
instructors are empowered to provide equitable and effective STEM edu-
cation and that they have the knowledge, skills, incentives, and supports
needed to create welcoming STEM courses, built on knowledge about how

245
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students learn, in which all students have equal opportunity to succeed. At-
tention to the social dynamics and culture of the learning environment is a
crucial component of understanding the systems and structures needed to
support learning and the teaching in the classroom.

The Committee has analyzed evidence and examples throughout this
report and presented conclusions as they arose in each chapter. This chap-
ter does not recount the evidence presented throughout the document but
does provide an overview of the implications we drew from that evidence.
As can be seen from the conclusions shared in the earlier chapters, there
is strong evidence to show that teaching practices can be improved to be
more equitable and effective. The evidence is not as robust that changes
to policies and priorities can support those necessary changes to teaching
practices. However, together these changes have a high likelihood to help
achieve a system in which all undergraduate STEM students experience
equitable and effective learning experiences, feel belonging, and have the
opportunity to succeed in their STEM courses and programs regardless of
their identity or background.

The committee therefore authored recommendations for action that
span the range of levels and actors in higher education. Making student-
centered learning a central and explicit goal of course design is a necessary,
but not sufficient, component of achieving equitable and effective learning
experiences. The challenge of defining equitable and effective teaching is
also partly a journey in helping the higher education community redefine
what teaching means, and in so doing identifying the equity-based behav-
iors currently missing from our current notion of effective teaching. This
redefinition requires individuals to reflect upon their own practices as
well as work toward changes to the overall system. The recommendations
therefore call for communication, questions, reflection, and discussion, not
simply action. The committee recognizes that current political, social, and
financial conditions make taking action on these recommendations chal-
lenging for actors in higher education and that achieving these ends should
be a long-term goal, not one that contributes to burnout of instructors and
administrators.

These recommendations apply across the wide range of types of institu-
tions in which undergraduate STEM education occurs. Despite the varying
sizes, priorities, and budgets, all institutions do share a responsibility for
providing high-quality STEM learning experiences for all students. They are
individually and collectively responsible for questioning longstanding poli-
cies and practices in undergraduate STEM education that have produced,
perpetuated, and exacerbated differences in opportunities, experiences, and
outcomes among post-secondary STEM students. This questioning, reflec-
tion, and evidence-based action is needed to ensure that all students—in-
cluding those from lower socio-economic backgrounds, students of color,
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rural students, first-generation college goers, women, LGBTQIA+ students,
veterans, parents and other caregivers, and students with disabilities—have
equitable opportunities to learn about and engage in STEM.

TOWARD EQUITABLE AND EFFECTIVE
LEARNING EXPERIENCES

STEM learning is shaped by the characteristics and experiences of
learners, myriad social interactions, the broader cultural context, and poli-
cies at all levels. The identities and backgrounds of students and instructors
alike influence these processes and outcomes. This is evident in the research,
which finds that students from lower socio-economic backgrounds, students
of color, first-generation college attendees, women, and students with dis-
abilities are among the groups who have consistently fared worse in post-
secondary STEM education.

Widespread use of teaching strategies that are not supported by re-
search have contributed to the disparities in opportunity and outcomes for
undergraduate STEM students. Recent changes in the demographics of the
student population and pressures on higher education to meet the demands
of the 21st century STEM workplace underscore the need to re-evaluate
instructional practices in STEM and improve the learning experiences of
undergraduate students in STEM courses. Instructional practices that take
students’ interests and experiences into account and provide them with
authentic opportunities to engage with disciplinary content, practices, and
analysis have been shown to be more effective than instructional practices
that rely solely on lecture, reading, and memorization of content, proce-
dures, and algorithms. In particular, students’ experiences in foundational
courses are especially important for their persistence in STEM, because
often, these courses filter out students rather than deepen their engagement,
interest, and understanding of STEM topics. Improving instruction in these
courses specifically is an important lever for producing more equitable op-
portunities and outcomes for undergraduate STEM students.

Students in STEM take many paths through higher education, includ-
ing transitions within and across institutions and use of different modalities
(e.g., online courses, on-campus instruction, internships, and apprentice-
ships). There are barriers to students’ success that arise from the current
quality of instruction and the structure of course offerings and require-
ments. Students are usually expected to take a sequence of STEM courses
that are often not well coordinated, and the overall goals for what students
learn in individual courses and across course sequences are often not well
articulated. While the availability of diverse pathways provides choices and
options for students, it also increases the complexity of their learning expe-
riences. This diversity in learning experiences makes it even more important
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to employ equitable and effective instructional practices that are responsive
to students’ interests and previous experiences.

Equitable and effective approaches make student learning and a stu-
dent-centered approach the primary driver. This is in contrast to an instruc-
tor-centered course that schedules, policies, and assessments are intended to
allow the instructor to cover a certain volume of content. Courses rooted
in equitable and effective teaching (a) are designed around clear learning
goals, (b) recognize the students’ role in their own learning, and (c) cultivate
environments that give students agency to engage in the course material in
ways that welcome and respect their identities

The seven Principles for Equitable and Effective Teaching developed for
this report by the Committee are derived from the evidence on learning and
teaching. As discussed in detail in Chapter 4, these Principles are intended to
inform the design and enactment of more equitable and effective pedagogi-
cal approaches. Using these Principles to improve undergraduate teaching
and learning in STEM will require a commitment from leaders of STEM
academic units and higher education institutions as well as from individual
instructors. The Principles are as follows:

e Principle 1: Students need opportunities to actively engage in dis-
ciplinary learning

e Principle 2: Students’ diverse interests, goals, knowledge, and ex-
periences can be leveraged to enhance learning

e Principle 3: STEM learning involves affective and social dimensions

e Principle 4: Identity and sense of belonging shape STEM teaching
and learning

e Principle 5: Multiple forms of data can provide evidence to inform
improvement

e Principle 6: Flexibility and responsiveness to situational and con-
textual factors support student learning

e Principle 7: Intentionality and transparency create more equitable
opportunities

Realizing equitable and effective teaching through the adoption of these
Principles is a multi-level endeavor that involves individuals, academic units,
and institutions. Individual or groups of instructors undertake continuous
improvement through repeated cycles of innovation, implementation, and
reflection/learning. Decisions and policies related to teaching can impede or
promote the implementation of the seven Principles. Academic units hold
collective responsibility for ensuring that instructors working under their
auspices have the resources and supports they need to provide equitable and
effective undergraduate STEM learning experiences, and that all learning
experiences overseen by the academic unit, including courses, assessments,
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laboratories, field experiences, research experiences, and prerequisite and
other requirements for programs and majors, provide equitable and ef-
fective STEM learning experiences for all students. Academic units (e.g.,
departments or programs) play a major role in decisions and policies about
teaching assignments, career advancement, rewards, promotion, and tenure;
these decisions explicitly or tacitly establish how teaching is valued, rec-
ognized, evaluated, and rewarded. In some academic units those teaching
courses that are foundational or have large enrollments or that are designed
for non-major learners are not treated with the same respect as those who
teach upper-level courses focused on students majoring in the discipline.
Academic unit decisions and policies related to teaching can impede or
promote the implementation of equitable and effective teaching strategies.
Institutional leadership can articulate and prioritize goals that align with
the seven Principles and provide the financial and human resources that are
needed for significant change at the system level.

RECOMMENDATIONS FOR IMPROVING
INSTRUCTION AND COURSES

Achieving equitable and effective teaching and learning requires im-
proving instruction and courses, and specific recommendations are provided
here for steps toward those improvements. However, these changes will
be difficult to achieve and will not have optimal impact if the subsequent
recommendations on how to alter the existing systemic incentives are not
also addressed.

Recommendation 1: Instructors, working independently and collabora-
tively, should use the Principles for Equitable and Effective Teaching to
reflect on and revise their instructional practices, approaches to assess-
ment, course syllabi and grading policies, and the selection and use of
instructional resources. They should articulate clear learning goals for
courses and use these learning goals to design instruction and assess-
ment for courses in all modalities and settings, including online, in the
classroom, in the laboratory, and in the field and continually reflect on
and improve instructional practices over time based on student learn-
ing data.

Recommendation 2: Members of academic units collectively should
take responsibility for reviewing the portfolio of courses offered and
the sequencing of courses using the Principles for equitable and effective
teaching. They should work collectively to define clear course and pro-
gram learning outcomes and use them to refine and revise the content
and pedagogy of course sequences and individual courses. As part of the
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review, academic units should use both aggregated and disaggregated
data of multiple forms to identify courses or course sequences that ap-
pear to be producing systematic, inequitable outcomes and undertake
revisions to address them.

Recommendation 3: Developers of instructional materials and resources
at institutions of higher education, non-profits, and companies should
work collaboratively with experts in teaching and learning (and expe-
rienced instructors) to develop resources and materials, including edu-
cational and instructional technology, using the Principles for Equitable
and Effective Teaching. as a guide for informing design from the initial
stages of conceptualization. If developers attempt to use the Principles
to modify a product in a later stage of development it is less likely that
the resulting product will be equitable and effective. Developers should
also work collaboratively with experts in teaching and learning (and
experienced instructors) to create the professional learning, support,
and guidance that instructors will need to equitably and effectively use
their products.

RECOMMENDATIONS FOR VALUING
AND SUPPORTING INSTRUCTORS

Changes to courses and instruction as recommended in the previous
section require that academic units and institutions value teaching itself and
the efforts instructors make to learn about and provide equitable learning
experiences for students. The recommendations below convey multiple
ways that academic units and institutions can engage in the continuous im-
provement process that is central to achieving equitable and effective teach-
ing. Recommendations 4-7 focus on how academic units and institutions
can demonstrate that they value teaching and instructors and Recommenda-
tions 8-10 on how they can support professional learning about teaching.

Continuous improvement requires support for all instructors to engage
in professional learning and development (PLD) throughout their careers.
The specific nature of the professional learning will likely vary over time as
instructors develop expertise, but the goal of equitable and effective teach-
ing necessitates an ongoing process of learning and reflection. This process
of learning and reflection is important for everyone who engages with
undergraduates in their courses and classrooms: full-time tenure-track fac-
ulty, teaching-track faculty, VITAL educators (visiting faculty, instructors,
teaching assistants, adjunct faculty, lecturers), graduate student teaching as-
sistants, postdoctoral fellows, undergraduate learning assistants, and others.
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An important aspect of PLD is to cultivate a practice of reflection in
which instructors review teaching experiences and how they can learn
from those experiences in ways that will improve future teaching and
learning. PLD can occur on campus or via technology and in both formal
and informal ways. Digital technologies present opportunities to enhance
equitable and effective teaching in STEM when they are introduced along
with professional learning and development opportunities that provide

guidance and support.

Institutional support is needed to ensure that ongoing high-quality PLD
is available and accessible for all types of instructors. VITAL educators are
often excluded from professional development opportunities and communi-
ties. The reasons for this vary but include lack of funding for time spent on
PLD, exclusion from faculty or academic unit meetings and functions, and
lack of appropriate venues for connecting with other instructors. Graduate
students and postdoctoral scholars need professional learning and develop-
ment to prepare for potential roles as future faculty in addition to profes-
sional learning and development related to any existing roles as instructors

or teaching assistants.

Recommendation 4: Academic unit and institutional leaders should
support participation of all instructors in professional learning and
development grounded in the Principles for Equitable and Effective
Teaching by providing resources, encouragement, and financial com-
pensation. Specifically, they should foster a culture of improvement and
change policies to provide incentives and compensation for instructors
to engage in professional learning and development as part of their
workload so that all instructors receive a base level of preparation
before they begin teaching and are provided with, compensated for,
and encouraged to participate in ongoing opportunities to continue
improving their teaching. Implementation will involve coordinating
with academic units to also compensate instructor time (such as course
release, salary increase, or funding bonus) for developing or revising
courses to align with equitable and effective teaching practices, poten-
tially including changing lesson goals, changing instructional practices,

and/or changing instructional tools.

Recommendation 5: Academic unit and institutional leaders should
foster a support structure for instructors (e.g., centers for teaching and
learning, science, technology, engineering, and mathematics education
centers) that can (a) organize and offer accessible professional learning
opportunities (including on campus, virtual, and asynchronous) that are
grounded in the Principles for Equitable and Effective Teaching, and
(b) support academic unit-level professional learning and development

opportunities.
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Recommendation 6: Graduate and postdoctoral program leaders
should revise programs and expectations to make preparation for
teaching an integral learning goal of programs. They should work to
change cultures so that all participants are encouraged and supported
in meaningful professional learning and development activities focused
on teaching, learning, course design, and creating an equitable learning
environment that embraces and promotes equitable and effective teach-
ing. When teaching, graduate students and postdoctoral scholars should
be supported by a mentor who has expertise in the use of the Principles
to support equitable and effective teaching.

Recommendation 7: Academic unit leaders should develop policies
and practices that value, recognize, and reward equitable and effective
teaching. Steps they can take include

e Providing time in unit meetings to discuss teaching-related top-
ics such as reviewing students’ outcomes in courses, discussing
the unit’s strategy for continuous improvement of teaching, and
sharing information about successes and challenges in teaching.

e Supporting individual and groups of instructors as they improve
and revise their courses, including providing dedicated time to
work on course revision or additional financial compensation.

e Encouraging and providing time and resources for collabora-
tion among instructors to work on course and curriculum revi-
sion and redesign.

e Designing policies and practices for making teaching assign-
ments that value the teaching of all courses and the contribu-
tions of all instructors regardless of their appointment type.

¢ Identifying and supporting cohorts of instructors who are dedi-
cated to and interested in implementing equitable and effective
teaching and providing them with leadership opportunities.

e  Facilitating the access and use of relevant data that can help
instructors identify and monitor differences and changes in
student outcomes.

Recommendation 8: Academic unit leaders should revise practices
around hiring and onboarding of new instructors so that teaching is
an essential and valued component of the role. In hiring, job candidates
should be evaluated by their ability to engage in equitable and effective
teaching. Once hired, instructors should receive mentoring related to
equitable and effective teaching and be provided with opportunities to
engage in ongoing professional learning and development.
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Recommendation 9: Academic unit leaders should use the Principles for
Equitable and Effective Teaching as professional standards that form
the basis of teaching evaluation processes. To achieve this goal, they
should use evidence-based approaches to evaluate the entire portfolio
of teaching-related activities. This holistic evaluation should go beyond
student surveys to include other forms of evidence (e.g., structured
teaching observations, analysis of teaching artifacts, course design,
instructor reflections) in formative and holistic evaluation of teaching.

Recommendation 10: Academic unit and institutional leaders should
include and value teaching during review processes for advancement
and retention such that all instructors are expected and required to
provide equitable and effective teaching.

¢ Determine reappointment, raises, merit, promotion, and tenure
in a clear and transparent way that rewards instructor work
toward achieving equitable and effective teaching.

e Develop approaches for determining promotion and tenure
that include holistic evidence-based evaluation of the faculty
member’s teaching.

e Develop processes for changes to salaries and titles that con-
sider all different categories of employees who have teaching
responsibilities, including visiting faculty, instructors, teaching
assistants, adjunct faculty, and lecturers (VITAL instructors).

RECOMMENDATIONS FOR MEASURING
AND ADVANCING SYSTEM CHANGE

Change toward equitable and effective teaching requires coordinated
effort at both institutional and national levels to achieve changes to policy
and practice, and a culture of growth that is responsive to the needs of
students and instructors. Institutional efforts to support continuous im-
provement are complex and require action on multiple levels within the
institution as well as support and guidance from national actors such as
funders and researchers with specialized expertise or resources. The fol-
lowing recommendations provide actions for leaders of institutions and
academic units (Recommendations 11 and 12) and for national actors
(Recommendations 13-15).

Equitable and effective teaching requires attention not only to what
happens in courses, but also to the entire experience of students at the
institution from their first encounters with post-secondary education, early
transitions such as determining their next steps after foundational courses
and choosing a major, all the way through searching for post-degree or
post-credential employment or applying to graduate programs. Therefore,
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this multi-level coordination includes connections to student affairs, student
success, disability resources centers, academic advisors, tutoring centers,
and other professionals. Many of the specifics for how institutional leaders
engage with these resources on their campuses are outside the scope of this
study, yet essential to the success of change efforts toward equitable and
effective STEM education and should be kept in mind as leaders work to

follow our recommendations.

Institutional leaders can analyze and reform policies and practices so
that incentives for faculty, instructors, and academic unit leaders are aligned
with the goal of equitable and effective teaching and all stakeholders are
supported in change efforts. Policies and procedures at the institutional
level can either impede or promote implementation of the principles for
equitable and effective teaching. Data, both aggregated and disaggregated,
are a key tool to understand, enact, and monitor change. Both quantitative
and qualitative data are needed to fully understand what is happening in
a system and to provide information to guide change efforts. Institutional
change at the deepest levels is an ongoing process. Reflective analysis of
data best guides policy and practice decisions and informs ongoing efforts

to improve.

Administrators can also analyze and reform policies and practices so
that the institutional reward system for faculty, instructors, and academic
unit leaders is aligned with the goal of equitable and effective teaching
and all stakeholders are supported in change efforts. For example, grades
and the approaches to assigning them do not fully convey the complexity
and extent of student learning; policies that support student learning and
that promote more equitable and effective grading approaches might be

explored.

Institutional change toward equitable and effective education is an on-
going process of continuous improvement that can include (a) opportunities
for institutional stakeholders at all levels to become familiar with the Prin-
ciples for Equitable and Effective Teaching and why they are important; (b)
attention to an academic unit’s culture and the challenges of implementing
change; (c) both top-down and bottom-up changes with attention to power
dynamics in the institution and who holds positional power as well as who
holds more informal power and influence; and (d) vigilant and transparent

communication among key stakeholders.

Setting up processes for continuous improvement can have a larger
long-term impact than seeking quick, dramatic change. Many actors outside
institutions of higher education can contribute to the continuous improve-
ment process through providing financial or informational resources as
well as prioritizing and publicizing approaches aligned to the Principles for

Equitable and Effective Teaching.
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Recommendation 11: Institutional leaders should develop and support
the infrastructure and approaches needed to collect, use, and monitor
data about courses and programs, as well as student outcomes, experi-
ences, belonging, and other affective measures. They should provide
access to the system and to the data in a transparent way so that
instructors and academic units can use it to improve teaching and
learning. This will entail offering guidance to academic units about
which metrics to review on a regular basis and multi-level strategies to
investigate and decrease any gaps discovered. The systems should in-
clude qualitative and quantitative data from both internal and external
(from studies or federal agencies) sources and allow for disaggregation
of data by students’ demographic characteristics so that revised policies
and practices can be implemented to decrease disparities.

Recommendation 12: Members of academic units should take into
account the complexity of the student undergraduate population and
their varied goals and pathways to ensure that all students can equitably
and effectively experience and benefit from the unit’s courses, programs,
and credentials. They should examine data for obstacles and barriers
to undergraduate science, technology, engineering, and mathematics
learning and apply the Principles for Equitable and Effective Teaching
to smooth the educational journeys of their students. Academic units
should analyze transition points, course offerings, student experiences,
and student outcomes and use the information to remediate obstacles
that limit student learning or student progress toward a credential,
especially obstacles that disproportionately impact students who are
members of underserved groups.

Recommendation 13: Professional, academic, and disciplinary societies
and organizations should publicly endorse and elevate the Principles for
Equitable and Effective Teaching and adopt them to guide their work
related to undergraduate education. Specifically, they should

e Share clear position statements on and advocate for the impor-
tance of equitable and effective teaching with their members,
constituents, and the public.

e Coordinate with teaching experts in their discipline to design,
offer, or coordinate professional learning and development
opportunities to support instructors in their discipline to imple-
ment equitable and effective teaching practices.

e Coordinate with teaching experts to develop, curate, and
promote resources for addressing discipline-specific teaching
needs.
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e Offer events that showcase and disseminate practices, tools,
data, and research related to implementing equitable and ef-
fective teaching.

e  Cultivate professional learning and development communities
for current and future instructors and encourage academic
units to do the same.

e Include experts in equitable and effective teaching in society
leadership.

e Review the guidelines for any accreditations that they admin-
ister and support academic units to implement these guidelines
in ways that maximize equitable and effective teaching and
learning.

e Promote comparative studies that help identify approaches that
lead to more equitable outcomes, especially for foundational
courses.

Recommendation 14: Oversight bodies should endorse and adopt the
Principles for Equitable and Effective Teaching to guide their work.
Through their oversight, they should require institutional leaders to
demonstrate that work at their institution is being done in alignment
with the Principles and that policies and procedures have been updated
accordingly.

Recommendation 15: Funders should endorse and adopt the use of the
Principles for Equitable and Effective Teaching to prioritize evidence-
based projects that support both implementation of and research about
equitable and effective teaching. Implementation funding should in-
clude support for ongoing professional learning and development ac-
tivities at different types of institutions of higher education, especially
those that have fewer resources. Research funding should include some
long-term projects that study student experiences and outcomes over
time. Implementation projects should include evaluation plans.

GUIDANCE FOR IMPLEMENTATION

The above recommendations provide specific guidance for key actors in

the system of undergraduate STEM education. Because changes are needed
by multiple actors and at multiple levels across the system the list of recom-
mended actions is long.

ing,
are

While many have already begun work to improve teaching and learn-
we provide here some starting points for a few selected key actors who
beginning or ramping up this work: institutional leaders, academic

units, and instructors.
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Actions for Institutional Leaders

Institutional leaders create the environment in which academic units
and instructors of STEM courses adapt current policies, practices, and
instructional methods to improve educational outcomes for all students.
While some instructors and academic units will create equitable and ef-
fective environments on their own, getting to all instructors and academic
units will require support and guidance to act. Recommendations 5, 10, and
11 are critical in providing the support needed to make changes across the
institutions. As a starting point, institutional leaders can ensure that their
policies and practices reward teaching that leads to equitable outcomes.
This can be done through merit and promotion processes (Recommenda-
tion 10, bullet #1). Critical to this could be revising the teaching evaluation
process (Recommendation 9) or providing the data needed by academic
units and instructors to improve courses, programs, student outcomes,
experience, belonging, and other affective measures (Recommendation 11).
Institutional leaders can provide the necessary support by ensuring that
professional learning opportunities are available for all instructors (Recom-
mendation 5).

Actions for Academic Unit Leaders

As discussed in Chapter 6, academic units have oversight and respon-
sibility for the courses that students take and for STEM degrees and pro-
grams. They are also an organizing unit for the instructors who teach these
courses. Leaders of academic units can start advancing this work by leading
an effort to review curriculum and program learning goals and the structure
of STEM programs (Recommendation 2) as well as how their programs
align with the needs of the student population (Recommendation 12). This
exploration is best informed by the use of quantitative and qualitative dis-
aggregated data. Through this review and discussions with the faculty of
the unit, leaders can help determine how to best support instructors, either
individually or collectively, to learn about and adopt the instructional and
curricular changes needed to create equitable and effective learning envi-
ronments (Recommendations 4, 5, and 7) and how to include teaching in
hiring, evaluations, and reward structures for instructors (Recommendation
2,9, and 10).

Actions for Instructors

The principles presented in Chapter 4 provide a framework for in-
structors to apply Recommendation 1 to decide what changes are needed
to create equitable and effective learning environments for their students.
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For many, starting with applying Principle 1: Active engagement to their
course(s) will help them identify a place to begin (e.g., changes to assess-
ments as discussed in Chapter 5) with Recommendation 2 (use of data to
identify inequitable outcomes in courses or course sequences) providing the
information needed to determine whether the change(s) desired are happen-
ing and if the impacts are improving experiences and outcomes.

As discussed above, instructors need academic unit and institutional
leaders to support them in this work by providing the reward structures
(Recommendation 10) and professional development opportunities (Rec-
ommendations 4 and 5) needed. Taken together, the Principles and the
report’s recommendation will help instructors develop the continuous im-
provement mindset needed to support all students who take STEM courses
and pursue STEM degrees.

RESEARCH AGENDA

While the Committee found extensive evidence to support their conclu-
sions and inform their recommendations, they also found areas where their
questions could not be answered due to lack of data or a need for future
research. Informed by their analysis of the existing context and current
research, the following areas of future research are proposed. This section
lays out some categories of research that would help inform continued
improvement in efforts to achieve equitable and effective learning experi-
ences. For each category, a few themes are proposed to guide future studies
of equitable and effective teaching and learning. A few specific examples are
included for each theme to illustrate some of the types of research questions
that fall under that theme. Across these categories, this research should be
done in ways that illuminate and provide information about student learn-
ing in a wide range of modalities and across institution types.

Toward Equitable and Effective Learning Experiences

As the classroom becomes more diverse with students from a full range
of identity groups, conducting more research and disaggregating data will
help instructors better understand how to serve student needs. Discipline-
based education research can provide information on specific courses of
study. Meta-analyses, landscape analyses, causal research, and longitudinal
studies would allow for greater understanding.

Student Pathways

To better understand undergraduate student experiences researchers
can examine pathways for various categories of students, such as those
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who do not major in STEM fields, those who commute to school or learn
primarily online, those who transfer institutions during their studies, as well
as differences by gender, race, first-generation status, or other demographic

categories. Potential research questions in this theme include

e What data are most effective in helping institutions track and
modify the barriers and opportunities transfer students encounter
at receiving institutions? To what extent do outcomes (e.g., rate of
completion, total time to graduation, total cost of degree, retention
in a STEM major or in STEM overall) differ for students who com-
plete their bachelor’s degree at one institution versus at multiple

institutions?

e To what extent do students use the practices and concepts they
learn as undergraduates in their future jobs? How frequently do
students entering career and technical education (CTE) programs
finish and obtain employment in their intended field? How does
this differ across different types of CTE programs and how does it
compare to the job and career pathways of non-CTE students?

Learning and Grading

Higher education has traditionally attempted to use grades to measure
learning, but alternative grading approaches may better measure what stu-
dents learn and their preparation to enter the workforce than traditional
methods of assigning grades. Further research could help determine to what
extent grades correlate with increased student understanding due to their
experiences in courses or reflect differences in knowledge or privilege that
students possess when they enter courses. Potential research questions in

this theme include

e What methods for more holistic approaches to evaluating the ca-
pabilities of STEM students work best to demonstrate learning?

e What methods of measuring student engagement with their pro-
gram content, relevant research experiences, and skills gained
might inform decisions about how to make learning more student
centered? To what extent do programmatic scale interventions alter

student learning, sense of belonging, and sense of identity?

e What aspects of interdisciplinary or cross-disciplinary courses con-
tribute to increases in student engagement, persistence, learning, or

future employment prospects?
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Valuing and Supporting Instructors

Significant changes have occurred in the composition of the instruc-
tional workforce over the past decades. Today’s instructors are under sig-
nificant pressures and stresses. Additional studies could provide information
that would allow institutions to better support these instructors and their
ability to provide equitable and effective learning experiences. The fol-
lowing themes and research questions are examples that could improve
understanding of the instructional workforce and its role in equitable and

effective teaching and learning.

Instructional Workforce

The percentage of the instructional workforce that is full-time tenured/
tenure track has been declining. Research could explore the impact this may
have had on the culture of academic units and institutions, including its
potential impact on attitudes about teaching. Potential research questions

in this theme include

e Are there differences in the approaches taken to teaching by those
who more strongly identify as scientists versus educators? Are there
differences in instructor identity? What aspects of identity are most

important for instructors who teach CTE courses?

e  Who are the VITAL STEM educators? Do demographics differ
when comparing those who work at community colleges versus
other types of institutions? What percentage of these educators
would prefer a different type of employment? How do differ-
ences in compensation and benefits dictate the background and
composition of the instructional workforce at different types of

institutions?

Evaluating and Rewarding Teaching

Research could help to identify the features of a teaching evaluation
and reward system that would support faculty adoption of equitable and
effective teaching approaches and explore any ways that student outcomes
change at institutions that have altered their teaching evaluation systems
to reward equitable teaching practices. Potential research questions in this

theme include

e How are instructional practices, particularly practices that contrib-
ute to an equitable and effective education, transferred between
instructors? Does knowledge learned by one instructor pass to

another? In what ways and to what extent?
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e  What rewards and incentives, given to faculty either individually or
as a group/cohort, contribute to their use of instructional practices
that create equitable and effective learning environments for all
students?

e In which way can instruments for students’ evaluation of teaching
be co-created by faculty, administrators, and students? In turn, how
could the data from student evaluations be combined with data
from other sources to reimagine teaching evaluations that promote
the Principles for Equitable and Effective Teaching?

Professional Learning and Development

Research on PLD could help to identify features that would best
support instructors of various roles and appointment types (e.g., VITAL
instructors, CTE instructors) and whether there are differences in PLD ap-
proaches that work better for different populations or those who teach in
different course types, levels, or modalities.

e  What are the impacts of pedagogical self-efficacy and pedagogi-
cal content knowledge on current and future faculty? How does
instructor mindset about the usefulness of PLD influence their PLD
engagement or behavior changes post PLD?

e How do CTE faculty seek out assistance with strengthening their
teaching practice, and how do CTE faculty perceive themselves and
their field in relation to the other STEM fields?

e  What are the best rewards and recognitions to incentivize PLD?

e How do teaching awards given to individual faculty impact their
career progression and/or the instructional practices used by their
colleagues?

e  What rewards and incentives, given to faculty either individually or
as a group/cohort, contribute to their use of instructional practices
that create equitable and effective learning environments for all
students?

Advancing and Measuring Systemic Change

Achieving equitable and effective learning experiences for students
requires setting goals and measuring progress toward those goals. The
data needed to measure progress differ by institution type and for non-
institutional actors such as funders, accreditors, and disciplinary societies.
Additional studies that address questions like those listed below could
provide information on approaches to data collection and sharing as well
as deeper understanding of the overall system of higher education and the
experiences of STEM students and instructors.
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Using Institutional Data

Research could help to improve understanding of effective approaches
for sharing data throughout an instructional system in ways that support
equitable student outcomes and explore the kinds of data and ways of vi-
sualizing those data that instructors and administrators find most helpful

in supporting their goals.

e What are some of the effective ways to share data with instructors
and department administrators regarding equitable outcomes in
courses and programs while taking an asset-based approach and

focusing on systemically improving educational outcomes?

e How does the allocation of institutional resources (e.g., state ap-
propriations and tuition dollars) incentivize the use of data to sup-

port and improve educational outcomes for all students?

e How can an institution quantify the cost and value of providing

equitable and effective courses?

Trends in Student Enrollment and Outcomes

Research could increase understanding of trends in (a) overall comple-
tion rates, (b) STEM completion rates, (¢) GPA gaps between different
student populations, and (d) completion rate gaps between different student
populations, including the extent to which state funding levels and tuition

levels might correlate with these rates.

e How many students enroll in STEM courses each year? How many
declare a major in STEM fields? How many complete a major in a
STEM field? Who does not complete STEM degrees and why? To
what extent have there been increases in non-completion rates due

to mental health challenges?

Artificial Intelligence and the System of
Undergraduate STEM Education

Research on generative and other forms of artificial intelligence (AI)
could help determine issues that should be addressed if Al is used to analyze
system data, support student learning, and/or support instructors in creating

or implementing courses and learning experiences.

e  What potential benefits and potential drawbacks might arise from
the use of Al to assist in the interpretation of qualitative data from

students about their learning experiences?
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e How could Al assist instructors, academic units, and institutions in
understanding student pathways though STEM programs?

e What role can Al tools play in supporting equitable and effective
practices by instructors? What role can it play in course design
and development? Can it assist with course and program learning
outcome alignment?

e What role can Al tools serve in enhancing tutoring, navigating
course content, and program pathways?

A FINAL WORD

STEM education is a wonderful opportunity for people to learn about
the world around them—to become knowledgeable about natural processes,
technological innovations, and the built environment in ways that enhance
our quality of life. Looking ahead to the future needs of society, including
economic growth and innovation, it is critical to improve understanding of
how people learn, to continuously move toward more equitable and effec-
tive pedagogies, and to envision and enact ways to achieve changes in the
system of higher education to facilitate design of educational experiences
that provide more learners access to an equitable and effective undergradu-
ate STEM education. Society will not fully benefit from the development
and use of future discoveries and innovations if access continues to be
restricted and not all people have opportunities to experience equitable
and effective STEM education. These changes are necessary to provide the
information, tools, and resources needed to address future challenges facing
our society and our planet.
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Appendix A

Public Comments on Draft Report
and Committee Response

METHODOLOGY

The Committee recognized that obtaining feedback from a broad range
of stakeholders and experts would be crucial for the framework’s success.
For this reason, the Board on Science Education solicited feedback on a
discussion draft of this report via

* A publicly available online questionnaire that was open for seven
and a half weeks. It featured scaled-choice (close-ended) and open-
ended questions about the framework, open-ended questions about
supporting equitable and effective teaching, and screening and
demographic questions. The survey recorded 115 respondents with
111 maximum responses for any one question. Not all respondents
answered every question.

e Feedback at two meetings (a December 2023 hybrid public input
session! and a December 2023 meeting of members of the Round-
table on Systemic Change in Undergraduate STEM Education?).

1 The agenda and recordings from the December 5-6, 2023 meeting are available at https://www.
nationalacademies.org/event/40702_12-2023_equitable-and-effective-teaching-in-undergraduate-
stem-education-a-framework-for-institutions-educators-and-disciplines-meeting-5-and-public-
input-session

2 More information about the Roundtable on Systematic Change in Undergraduate STEM
Education is available at https://www.nationalacademies.org/our-work/roundtable-on-systemic-
change-in-undergraduate-stem-education
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e Organizational submissions (17 groups and individuals within or-
ganizations [listed in Table A-1] that provide or advocate for un-
dergraduate STEM education submitted comments).

Given the response rates and representation across institution types,
roles, and respondent demographics, disaggregating any subgroup with
statistical significance was difficult. However, this analysis did use disag-
gregation to identify broad themes.

The analysis of the open-ended responses on the questionnaire, meeting
summaries, and organizational submissions took this approach:

1. Each response was coded in a matrix, organized by survey question
and thematic categories.

2. Category responses were reviewed to discover prominent themes
within categories.

3. Categories and themes were identified by survey question (e.g.,
What’s missing from Principle 3?).

4. Top overarching themes for the draft report, framework, and prin-
ciples for systemic change in undergraduate science, technology,
engineering, and mathematics (STEM) education were identified
and synthesized across all questions.

Overall, the public feedback was positive, with no significant requests
for changes to the content or organization of the Principles for Equitable
and Effective Teaching, although there were suggestions to improve the
draft.

This summary of the public input on the discussion draft includes
five overarching themes, broad themes for principles and practices, sug-
gested actions for departments and institutions, and recommendations for
strengthening the Principles for Equitable and Effective Teaching in under-
graduate STEM education. It also includes the Committee’s responses based
on the feedback received.

FIVE OVERARCHING THEMES

1. Offer More Contextualization. Respondents asked for more em-
phasis on the critical importance of equitable and effective STEM
education in the broader global context, both at the macro level
and for individual students. They wanted more discussion about the
current state of equity and effectiveness in undergraduate STEM
teaching. They indicated a need to incorporate varied perspectives
and partnerships (including with students) to improve teaching.
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2. Improve the Framework. Respondents offered suggestions to im-
prove the framework to achieve the goal of equitable and effective
STEM education:

Go beyond the classroom. To drive meaningful change,
take a bolder and broader approach to address out-of-
classroom challenges, rather than focusing solely on class-
room-dominant solutions.

Make the Principles for Equitable and Effective Teach-
ing actionable—and provide examples. Convey what is
realistic and attainable. Frame the Principles with clear
context, supported by evidence-based theories, and include
thorough references and illustrative examples. Provide
more clarification on existing effective efforts, identify the
stakeholders responsible for specific practices, and ensure
the language is accessible to non-education stakeholders.
Respondents repeatedly emphasized the need to illustrate
concepts and practices with concrete examples of imple-
mentation across modalities and institution types, par-
ticularly for faculty; responsibilities of stakeholders at all
levels; and ideas for how the examples can be scaled.
Integrate the evidence. Better connect the evidence and ci-
tations with the practices in the framework, rather than as
a separate section. Survey respondents offered suggestions
for more evidence and suggested that evidence must better
represent diverse schools.

Convey the interconnectedness of the Principles. Acknowl-
edge that the Principles do not operate in isolation and
often overlap with each other. For example, integrate the
messages about belonging to messages about engaging in
disciplinary learning.

3. Address the Broader Ecosystem. Across all forms of public input,
respondents indicated that it is imperative to address the broader
ecosystem (including K-12, the workforce, disciplinary organiza-
tions, and nongovernment organizations):

Emphasize institutions and departments. Highlight the role
of institutional and departmental policies in implement-
ing equitable and effective teaching. Acknowledge that
classroom practices alone will not adequately address this
challenge. Clarify institutional and departmental respon-
sibilities more broadly across the disciplines, while still
reflecting discipline-specific needs.

Connect to K-12 education. Consider the connection
to K-12 education (including Next Generation Science
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Standards [NGSS]) and partner with K-12 systems to pro-
vide guidance on how to address gaps in prior knowledge
and recruit more students into STEM.

e Increase focus on community colleges and career and tech-
nical education. Expand discussion on connections with
community colleges, particularly the emerging role of com-
munity college prerequisite work, and the relevance of
career and technical education.

* Broaden organizational recommendations. Involve pro-
fessional societies in enacting the recommendations and
encourage federal agencies and accrediting associations to
update standards that incentivize equitable and effective
teaching practices.

Focus on Faculty. Respondents overwhelmingly emphasized the
critical role of faculty in addressing equitable and effective STEM
education. They suggested adding a faculty-specific principle that
calls for directly supporting and providing professional develop-
ment for all faculty types, informed by broader and more represen-
tative faculty input:

e Broaden the traditional concept of faculty. Include teach-
ing assistants, adjunct, and non-tenure-track instructors.

e Align faculty incentives. Create a stronger alignment be-
tween equitable and effective teaching and career advance-
ment. Reform teaching evaluations incorporated in review,
promotion, and tenure decisions.

e Emphasize effective faculty professional development and
support. Consider enriching professional development and
other opportunities (e.g., mentors), and include self-re-
flection and explicit instruction on equitable and effective
teaching across all modes of instruction (including labora-
tory opportunities). Emphasize how student and faculty
success are intertwined.

e Consider workload and resources. Pay attention to faculty
workload and increase faculty buy-in by ensuring they
have the time, resources, and professional learning to sup-
port effective implementation. This is critical—and will
require clear instructional guidance for institutions.

Coordinate Curriculum Reform. Respondents stressed a need for
curricular reform, with student input, that emphasizes accessible
and effective active learning with real-world opportunities. They
suggested explicitly recognizing that core STEM content, skills, and
knowledge are necessary for STEM success and that equitable and
effective teaching should not sacrifice rigor:
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e Address discipline-specific concerns. Make interdisciplin-
ary connections, but attend to discipline-specific issues,
particularly requirements to address the leaky STEM pipe-
line, such as math reform.

e Personalize learning. Maintain high standards while em-
phasizing the need for pedagogical approaches that person-
alize learning to accommodate diverse needs. Incorporate
progressive, evidence-based instructional techniques. Con-
sider, but do not overemphasize, demographic identifiers.

e Make more real-world and workforce connections. Add
more overt links to the workforce and to real-world expe-
riences and opportunities, including experiential and life-
long learning. Emphasize the importance of instructional
labs for active learning and of ensuring quality instruction
in all types of environments.

Committee Response

The final report offers more contextualization to demonstrate where
the Principles for Equitable and Effective Teaching fit into the overall system
of higher education. It includes a chapter on using the Principles to improve
learning experiences (Chapter 5). The evidence for the Principles is no lon-
ger separated out in a separate section (Chapter 4) and additional language
has been added about the interconnections between the principles. Addi-
tional material is added about the current state of undergraduate STEM
education (Chapters 2 and 3). Additional examples of have been added as
has material on community colleges and career and technical education,
including discussion of transfer pathways.

Multiple recommendations are included that focus on faculty and other
types of instructors. They call for directly supporting and providing profes-
sional development for all types of instructors. The definition of instructors
used in the report has been explained to be clear that it includes VITAL
and tenure track educators. Recommendations also call for academic units
and institutions to provide professional learning and development and to
support instructors in other ways including by rewarding efforts to improve
teaching (and to improve how teaching is evaluated).

Extensive portions of the final report discuss the role of departments
and institutions in implementing equitable and effective teaching and
clearly state that classroom practices alone will not adequately address this
challenge (Chapters 6-9). Recommendations for funders and disciplinary
societies have been included.
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BROAD THEMES FOR PRINCIPLES AND PRACTICES

Examples and Guidance Needed. The public input indicated a need
for more examples of how to implement concepts and practices effectively
across modalities and institution types. Some respondents expressed con-
cern that the practices across Principle 3: Affective and social dimensions
and Principle 6: Flexibility and responsiveness may be challenging in asyn-
chronous learning environments.

High-Priority Actions. Respondents suggested several high-priority ac-
tions, with diverse environments and stakeholders in mind. Their mes-
sage: Avoid one-size-fits-all approaches. Stay flexible while advocating for
change. Call for critical funding and support. Specifically:

e Stress development and support for all faculty types, including
adjunct and non-tenure-track instructors. Emphasize effective and
equitable instructional practices, clarify institutional expectations
for career success, foster professional learning communities, share
resources, and assign instructors to courses with intentionality.

e Emphasize student supports and opportunities. Stress the need
for a coordinated and comprehensive approach to holistic student
support (e.g., academic, financial, health, and beyond) and the im-
portance of understanding diverse prior experiences and flexibility
to accommodate cultural differences and various learning needs.

e Attend to pedagogy and curriculum. Conduct ongoing curriculum
reviews at the course, departmental, and institutional levels to
address inequitable practices, such as “weed-out classes.” Some
respondents highlighted math requirements as a barrier to success
in STEM and recommended greater connection with and access to
workforce/research opportunities. Some advocated for a broader
examination of instruction, beyond STEM majors, and incorporat-
ing practices like peer learning and critical thinking, which are not
discipline specific.

e Consider accountability. Vary accountability measures, such as
institutional coordination and faculty collaboration for assessment
development and improved faculty evaluation. Assess and align
accountability from classrooms to institutions, which involves mul-
tiple measures and a flexible data system that allows disaggregation
based on diverse and evolving subgroup definitions.

e Take a systems approach. Examine efforts comprehensively, both
within and beyond the institution, considering broader community
involvement. Align goals and efforts across the entire learner-to-
earner continuum, beginning in K-12. Avoid operating in isolation;
instead, institutions should actively seek partnership and input
from students, faculty, nonprofits, and other institutions to enhance
collaboration and broaden their impact.
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Committee Response

More examples of how to use the Principles for Equitable and Effective
Teaching effectively in a variety of modalities and institution types are now
provided in Chapter 5. VITAL as well as tenure-track faculty are explicitly
included in the report. The need for attention to curriculum structures and
pathways is now discussed, including weed-out classes and math require-
ments. Assessment is discussed on various levels as is the role and use of
data systems and the importance of disaggregation.

SUGGESTED ACTIONS FOR
DEPARTMENTS AND INSTITUTIONS

Many respondents offered similar suggestions for institutions and de-
partments and call for a greater alignment of efforts. They recommended
clearly defining the roles of stakeholders and specifying responsibilities,
striking a balance between shared responsibility and individual academic
freedom.

In general, the public input cautions that the framework puts too much
reliance on faculty. Organizational submissions emphasized the need to
explicitly call for institutional changes at all levels and hold institutions ac-
countable for nurturing a culture of equitable and effective teaching.

Departmental Actions

Departmental actions that were suggested by respondents included

e Bolster faculty development with quality, sustained professional
learning for all faculty. Encourage faculty participation and buy-in
with incentives and alignment to accountability practices. Build
faculty community and interdisciplinary collaboration.

e Incorporate accountability by tying faculty evaluations to review,
promotion, and tenure decisions that reflect equitable and effective
teaching. Articulate and align learning, course, and department
outcomes and ensure that outcomes are measured, analyzed, and
actionable.

e Emphasize effective leadership and departmental operations, in-
cluding reflection and communication about departmental poli-
cies, practices, and resources to enhance equity. Emphasize the
importance of diverse hiring and promotion, intentional faculty
assignment, and workloads aligned with goals.

e Scrutinize pedagogy and curriculum to enhance equity and include
culturally relevant lessons and guidance on equitable syllabi, in-
struction, and classroom norms. Highlight real-world connections
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with a balanced and engaging curriculum and address barriers (e.g.,
whether math is an important gatekeeper across STEM disciplines).
Make evidence-based efforts to standardize sections and courses
to ensure continuity between professors and reduce duplicative
efforts, where appropriate. Include broad perspectives in develop-
ing and reviewing curriculum, (e.g., alumni, students, faculty) and
consider the outcomes for all students (STEM majors and beyond).
Provide whole-student support, including advising, peer mentors,
tutoring for prerequisite/foundational courses, and corequisite sup-
port. Approach each student as an individual and focus on the
student-teacher relationship.

Committee Response

The report now includes the importance of sustained faculty develop-

ment and the role of evaluations and rewards in accountability and promo-
tion. The role of departments and other academic units in supporting and
encouraging attention to policies and practices that support equitable and
effective teaching is included. The need for them to analyze pedagogy and
curriculum is also included.

Institutional Actions

Institutional actions that were suggested by respondents included

Create incentives and broaden accountability. Offer robust faculty
support and development for cultivating equitable and effective
instructional practices, including aligning review, promotion, and
tenure decisions with the integration of these Principles and ensur-
ing thorough evaluation of course outcomes. Acknowledge and
reward exemplary and equitable teaching practices and extend
these efforts to non-tenure-track faculty, including adjuncts. Factor
in faculty support and workload considerations throughout these
initiatives.

Optimize operations. Remove obstacles for departments and fac-
ulty to achieve effective and equitable teaching, which involves
incentives, accountability, and resources (funding and time). Ensure
that departments, faculty, and students have access to comprehen-
sive support services and institutional policies promote equity and
visibly demonstrate the priority of effective and equitable teaching
(via aligned policies and accountability measures). Improve the
connection to K-12 education via outreach and support.
Strengthen communications, engagement, and leadership. Improve
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strategies to articulate a shared and coherent commitment to equi-
table and effective teaching, considering diverse perspectives from
departmental leadership, faculty, and students, while actively in-
volving leaders at all levels of the institution. Some respondents
suggested that it is important to hold upper administrators ac-
countable for a commitment to academic excellence.

e Foster cross-disciplinary and interdisciplinary collaboration. Pri-
oritize a broad STEM foundation for all students and cultivate
cross-disciplinary collaboration among faculty. Focus on building
a strong interdisciplinary community committed to equity, with the
goal of breaking down institutional silos and promoting collabora-
tion both within and outside STEM disciplines.

Committee Response

The report discusses the important role of institutions and institutional
leaders in setting priorities and influencing culture around instruction and
student-centered approaches. It discusses the need to offer instructors sup-
port to improve their teaching and also the importance of holding people
accountable for teaching (Chapter 10).

SUBMISSIONS FROM ORGANIZATIONS AND INDIVIDUALS

TABLE A-1 Submissions from Organizations and Individuals

Organizations and Individuals Description

Accelerating Systemic Change Network Members of the working group on Aligning
Incentives with Systemic Change

American Physical Society (APS) Programs ~ Comments do not represent the APS position
Department

American Society for Biochemistry and Membership organization
Molecular Biology

Howard Hughes Medical Institute Inclusive 120+ undergraduate STEM educators,

Excellence 3 Learning Community Cluster 2 administrators, and staff in 14 universities
and colleges. Comments represent the
opinion of members, not the institute.

National Science Teaching Association Post- Faculty from a variety of higher education

Secondary Science Teaching Committee institutions (community colleges, four-year
public colleges and universities, R1 research
institutions, and more)

continued
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Organizations and Individuals

Description

National Association of Geoscience Teachers

Portland Community College Center for
Teaching and Learning Excellence (CTLE)

Laura J. Bottomley, Director of Engineering
Education at the North Carolina State
University

Clare Carlson and four chemistry education
researchers

James D. DeKloe, Professor of
Biological Science, Biotechnology, and
Biomanufacturing, Solano Community
College

Douglas K. Duncan, emeritus faculty
member in the Department of Astrophysical
and Planetary Sciences at the University of
Colorado, Boulder

Nicole LaDue, Geoscience Education
Researcher at Northern Illinois University

Sarah Kinnison, Associate Director of
Program Development at Achieving the
Dream

Bruce Nappi, retired educator and engineer

William (Bill) Penuel, Professor of Learning
Sciences and Human Development at the
University of Colorado Boulder

Frank Thorne, Mathematics Professor at the
University of South Carolina

Dave Ucko, President of Museums+more

Association of college and university faculty,
K-12 teachers, informal educators, graduate
and undergraduate students, and geoscience
and education professionals.

Five faculty/staff and two CTLE facilitators

Individual

Michigan State University

Individual

Individual

Individual

Individual, editorial comments

Individual

Individual, professor in the School of
Education and Institute of Cognitive Science

Individual

Individual, previously of the National
Science Foundation; included overview of
Personalized Undergraduate & Lifelong
Learning (PULL) STEM Center
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Members and Staff

COMMITTEE MEMBERS

ARCHIE HOLMES (Chair) is the executive vice chancellor for academic
affairs at The University of Texas (UT) System and is a professor in the
Chandra Family Department of Electrical and Computer Engineering at UT
Austin. Throughout his career, he has served as a professor in the Depart-
ment of Electrical and Computer Engineering at the University of Virginia,
vice provost for academic affairs, and vice provost for educational innova-
tion and interdisciplinary studies and associate provost. Among his many
accomplishments at the University of Virginia, Holmes led efforts to better
integrate academic advising, career advising, and personal development
and provide opportunities for students to enhance their education via ex-
periential learning opportunities. At both UT Austin and the University of
Virginia, he led or served on numerous committees and task forces related
to academic advising, curriculum reform, and student and faculty recruit-
ing. Holmes has received numerous awards for his teaching and advising
activities. At UT Austin, he received the Texas Excellence Teaching Award
in Engineering and the Gordon T. Lepley IV Endowed Memorial Teach-
ing Award. Holmes received his B.S. and Ph.D. degrees both in electrical
engineering from The University of Texas at Austin and The University of

California at Santa Barbara, respectively.

TRACIE M. ADDY is the founding director of the Institute for Teaching,
Innovation, & Inclusive Pedagogy at Rutgers University-New Brunswick.
Until recently she was associate dean of teaching and learning and director
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of the Center for the Integration of Teaching, Learning, and Scholarship at
Lafayette College. She is an invited speaker and facilitator of professional
development opportunities for instructors nationally, as well as a scholar
in teaching and learning. Addy publishes scholarship of various types such
as op-eds, research articles, and learning activities. She is co-author of the
books What Inclusive Instructors Do: Principles and Practices for Excel-
lence in College Teaching and Enbhancing Inclusive Instruction: Student
Perspectives and Practical Approaches for Advancing Equity in Higher Edu-
cation. Addy received her Ph.D. in science education from North Carolina
State University.

HILLARY BARRON is an assistant professor of biology at Bemidji State
University. Her research focuses on creating equitable and culturally respon-
sive science learning opportunities for students. Barron works with faculty
and teaching assistants in academic biology to create teaching strategies
that center culturally relevant pedagogy, funds of knowledge, and social
justice science issues. Her framework for this work, Culturally Responsive
Undergraduate Science Education, is a novel approach to biology educa-
tion. Barron is a descendant of the White Earth Band of Ojibwe and works
to support the many Indigenous students at Bemidji State. She received her
Ph.D. in science education from the University of Minnesota.

MICHAEL DENNIN is a professor of physics and astronomy and vice
provost for teaching and learning at the University of California, Irvine
(UCI). He is dedicated to public outreach in the area of science—teaching a
number of Massive Open Online Courses, as well as translating educational
research into practical applications throughout the university. Dennin also
initiated an academic support program, called the Student Successes Initia-
tives Unit, dedicated to helping first-generation college, low-income, former
foster youth, and/or disabled students succeed at UCI. This unit is posi-
tioned to help students successfully transition in order to maximize their
college experiences so that they can thrive at UCI. He is a recipient of UCI’s
Senate awards in all three categories: Distinguished Mid-Career Award for
Service, Distinguished Faculty Award for Teaching, and Distinguished As-
sistant Professor Award for Research. Dennin received his M.S. and Ph.D.
in physics from the University of California, Santa Barbara.

ERIN E. DORAN is an associate professor in the Department of Educa-
tional Leadership and Foundations at the University of Texas at El Paso
(UTEP). She is also a Research Affiliate for the Diana Natalicio Institute
for Hispanic Student Success at UTEP. Her research focuses on the success
of Latinx students, especially in Hispanic Serving Institutions (HSIs) and
community colleges. In addition, she studies faculty and culturally relevant
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pedagogy. Her experience teaching as an adjunct at community colleges
influenced her choice of research field. She also has experience working in
academic affairs at an HSI. She was named a faculty Fellow of the American
Association of Hispanics in Higher Education in 2020. She holds an Ed.D.
from the University of Texas at San Antonio in Educational Leadership.

ANNE EGGER is a professor of geological sciences and science and math-
ematics education at Central Washington University. She also serves as the
executive director of the National Association of Geoscience Teachers. Eg-
ger’s work focuses on professional development for college and university
faculty to implement evidence-based and inclusive teaching strategies, with
a particular emphasis on science courses for future K-12 teachers. She was
elected a fellow of the Geological Society of America, fellow of the Ameri-
can Association for the Advancement of Science, and she served on the
National Academies of Sciences, Engineering, and Medicine’s Committee on
Science Investigations and Engineering Design Experiences in Grades 6-12,
which produced the consensus report Science and Engineering for Grades
6-12: Investigation and Design at the Center. Egger earned her undergradu-
ate degree from Yale University and received her M.S. and Ph.D. degrees in
geological and environmental sciences from Stanford University.

MARCO MOLINARO is the executive director for educational effective-
ness and analytics at the University of Maryland, College Park. Prior to
coming to Maryland, he served as assistant vice provost for educational ef-
fectiveness at the University of California, Davis (UCD), and is the founding
director of the Center for Educational Effectiveness. Molinaro has educa-
tional experience creating and leading applications of academic analytics,
technology for instruction, scientific visualization and simulation, as well
as curriculum development and evaluation. His most recent work focuses
on student equity and inclusion through (a) being co-primary investigator
(PI) of the Howard Hughes Medical Institute Inclusive Excellence project
MIDAS, to ensure that all STEM students have the opportunity to pursue
and excel in science, technology, engineering, and medicine (STEM) fields
through the efforts of dedicated and informed instructors utilizing evidence-
based instructional practices; (b) acting as the UCD campus PI for the Sloan
Equity & Inclusion in STEM Introductory Courses collaborative and co-
leading the 10 institution based Structures working group focused on estab-
lishing structures and cataloging narratives that best support lasting change
in the instruction of foundational STEM courses; and (c) serving as chair of
the Analytics Sub-Committee and Advisory Board member of the American
Association for the Advancement of Science STEM Equity Achievement
Change initiative aimed at ensuring that the full range of talent can be re-
cruited and retained in STEM. Molinaro has served on National Academy
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of Sciences, Association of Public and Land-Grant Universities, and nu-
merous National Science Foundation (NSF) grant-related committees and
received funding from the NSE National Institutes of Health, and various
private foundations such as the Gates Foundation, Intel, the Helmsley Trust
and Howard Hughes Medical Institute. Molinaro received his Ph.D. in bio-
physical chemistry from the University of California, Berkeley.

MARY MURPHY is a professor in the Department of Psychological and
Brain Sciences at Indiana University. She is also the primary investigator of
the Mind and Identity in Context Lab at Indiana University and Founder
of the Equity Accelerator. Murphy’s research focuses on developing and
testing theories about how people’s social identities and group memberships
interact with the contexts they encounter to affect their thoughts, feelings,
behaviors, physiology, and motivation. She also examines the particular
concerns the situational cues engender among underrepresented groups,
with an eye toward intervention. Murphy’s research has been funded by
the Spencer Foundation, Raikes Foundation, and the National Science
Foundation and has been profiled in The New York Times, Forbes, Harvard
Business Review, Scientific American, and NPR, among other outlets. She
received her Ph.D. in social psychology at Stanford University.

JOSEPHINE D. PINO is currently instructor of biology at Portland Com-
munity College (PCC). Previously, she served as PCC instructor/department
chair of bioscience technology, instructor of biotechnology and biology
at the Community College of Rhode Island, and instructor of biology/
coordinator of biotechnology at Shoreline Community College. Pino was
an original co-primary investigator of the Northeast Biomanufacturing
Center & Collaborative and Rhode Island EPSCOR grants. She served as
PCC coordinator for BUILD-EXITO and liaison to the Community College
Undergraduate Research Initiative. She chaired the PCC Educational Advi-
sory Council for 5 years and her ongoing college service focuses on diverse
ways of achieving equitable student success through cross-functional col-
laboration and inclusive teaching. Pino received the National Institute for
Staff and Organizational Development’s Excellence Award and the National
Association of Biology Teachers Two-Year College Biology Teaching Award.
She earned an M.S. in marine biology from Scripps Institution of Oceanog-
raphy and received a second M.S. in biology from the University of Utah.

MELONIE W. SEXTON is a professor of psychology at Valencia College.
She is also the College’s Coordinator of Undergraduate Research. In these
roles, Sexton introduces first- and second-year students to critical thinking,
inquiry-based learning, and research practices. Prior to coming to Valen-
cia, she was an academic adviser at Miami Dade College and Vanderbilt
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University. During her tenure as an adviser, Sexton assisted first-time in
college students in developing their academic pathways. Since starting
at Valencia, she has worked with students to create a scientific approach
to learning, but she has also designed several professional development
opportunities for faculty and staff to engage in this work. Her expertise
even extends beyond the college; Sexton is a board member of the TRiO
Alumni Faculty Network, a member for the Society of Experiential Educa-
tion (SEE)’s Research and Scholarship Committee, and peer reviewer for
multiple research journals. She recently won the Rising Leader award for
her diversity, equity, and inclusion work in the SEE’s certification workshop.
Sexton holds a Ph.D. in psychology from Vanderbilt University.

ELLI J. THEOBALD is an assistant professor of Biology at the University
of Washington. Prior to her current position, she was a teaching professor
of Biology in the same department after completing a postdoc in discipline-
based education research. Theobald’s working commitment to educational
equity and student success was born when she worked as a middle school
and high school teacher. Currently, the heart of her research program re-
volves around how to be a better teacher, with particular emphasis on how
to achieve equity in college-level science, technology, engineering, and medi-
cine (STEM) classes. Theobald uses quantitative and sometimes qualitative
approaches to (a) describe inequities in student outcomes from, experiences
in, and perceptions of STEM classes; (b) identify instructor and systemic
practices that disrupt inequities; and (c) scale equitable practices to all
classes in all STEM disciplines. She recently won the University of Washing-
ton’s Distinguished Teaching Award and has been nominated twice to serve
on National Academies of Sciences, Engineering, and Medicine committees
(this committee: Equitable and Effective Teaching in Undergraduate STEM
Education; and Advancing Anti-racism, Diversity, Equity, and Inclusion in
STEM Organizations). Theobald received her B.A. in biology from Colby
College, her M. A. in teaching from Alliant University, and her Ph.D. in ecol-
ogy from the University of Washington.

CRISTINA VILLALOBOS is the Myles and Sylvia Aaronson Endowed
Professor in the School of Mathematical and Statistical Sciences at the
University of Texas Rio Grande Valley (UTRGV). Currently, she serves as
Interim Dean of the Honors College and is the founding director of the
Center of Excellence in STEM Education, which provides resources for the
academic and professional development of faculty and students, especially
increasing the numbers of underrepresented students attaining science,
technology, engineering, and mathematics (STEM) degrees. From 2019 to
2024, Villalobos served as Associate Dean for Strategic Initiatives and Insti-
tutional Effectiveness in the College of Sciences. Villalobos’ research areas
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lie in optimization, optimal control, and STEM education where she and
her colleagues explore the mathematics identity of Calculus students in an
alternative grading system. She served as Interim Director of the mathemat-
ics school, transitioning the school through the first two years (2015-2017)
of UTRGV and increasing the numbers of Latino and women faculty. Vil-
lalobos’ recognitions at the national level for mentoring and STEM leader-
ship can be summarized with the 2020 Presidential Award for Excellence
in Science, Mathematics, and Engineering Mentoring. She is also a recipient
of the University of Texas System Board of Regents’ Outstanding Teach-
ing Award, the Society for Advancement of Chicanos/Hispanics & Na-
tive Americans in Science Distinguished Undergraduate Institution Mentor
Award and the Presidential Award, and the Richard A. Tapia Achievement
Award for Scientific Scholarship, Civic Science, and Diversifying Comput-
ing. Villalobos is a Fellow of the American Mathematical Society; a Ford
Foundation Pre-doctoral fellow; and Sloan Foundation fellow. She received
her B.S in mathematics from the University of Texas at Austin and her Ph.D.

in computational and applied mathematics from Rice University.

GABRIELA WEAVER is the assistant dean and professor of chemistry at
the University of Massachusetts, Amherst. She previously served as vice
provost for faculty development, and director of the Institute for Teaching
Excellence and Faculty Development. Weaver was elected a fellow of the
American Association for the Advancement of Science for distinguished
contributions to transforming science education at the undergraduate level.
She served as director of a National Science Foundation-funded multi-
institutional project Center for Authentic Science Practice in Education,
dedicated to involving first- and second-year undergraduate students in
course-based undergraduate research experiences. Weaver’s research in-
terests include educational practices that increase student success and the
institutionalization of such practices through the transformation of cul-
tures and processes in higher education. She has contributed to the work
of the Board on Science Education at the National Academies of Sciences,
Engineering, and Medicine in the past as a member of consensus study
committee for Developing Indicators for Undergraduate STEM Educa-
tion and on the organizing committee for a convocation on Integrating
Discovery-Based Research into the Undergraduate Curriculum, as well as
having been invited to provide papers or presentations for other consensus
studies. Weaver received her Ph.D. in chemical physics from the University

of Colorado, Boulder.
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JOHN L. WILLIAMS is an associate professor of biology at Albany State
University, where he currently serves as the chair of the Natural Sciences
Department. His professional expertise is in science, technology, engineer-
ing, and medicine (STEM) student development and pre-professional prepa-
ration in the areas of medicine, pharmacy, and dentistry. Williams is also
the director of STEM Strategic Partnerships and Initiatives, where he is
tasked with developing and strengthening key institutional and community
partnerships, primarily within the medical, health, and research fields. He
was selected as a Center for Advancement in STEM Leadership fellow, and
he has gained leadership experience in academic affairs through the Albany
State University Provost fellowship. Through these activities, Williams has
implemented several key Presidential and institutional initiatives that focus
on student success in the sciences. He was also selected as Albany State
University’s Educator/Teacher of the Year due to his innovation in teaching.
Williams is a graduate of Florida State University, where he received his

Ph.D. in cell/molecular biology.

SEAN P. YEE is an associate professor of mathematics education at the
University of South Carolina (USC) and the co-director of the Center for
Science Education. He taught secondary school mathematics for eight years
and guided preservice teachers in Ohio and California before joining USC
to focus on pedagogy courses for mathematics graduate student instructors.
Yee’s research on mentoring, induction, and professional development (PD)
for college mathematics instructors emphasizes generating communities
of practice around student-centered instructional methods such as active-
learning strategies. His research also includes problem solving, problem
posing, conceptual metaphor theory, mathematical proof education, and
graduate student instructor pedagogical education. Yee’s national proceed-
ings, publications, and external funding have focused on PD for novice
science, technology, engineering, and medicine educators, established for
the purpose of equitable access to evidence-based teaching practices. His
honors include an Association of Mathematics Teacher Educators, Service,
Teaching, and Research fellowship, a USC Innovative Teaching McCaus-
land fellowship, being elected to the Board of Directors for the School
Science and Mathematics Association, and associate editor for multiple
journals. Yee received his Ph.D. from Kent State University in mathematics

curriculum and instruction.
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KERRY BRENNER is a senior program officer with the Board on Sci-
ence Education at the National Academies of Sciences, Engineering, and
Medicine. She leads the Roundtable on Systemic Change in Undergraduate
STEM Education and the Equitable and Effective Undergraduate STEM
Teaching study that produced this report. She was co-study director for
the Disrupting Ableism workshop series on people with disabilities in the
STEM workforce and the Call to Action for Science Education project. She
was also the study director for the Symposium on Imagining the Future of
Undergraduate STEM Education, Undergraduate Research Experiences for
STEM Students and Science and Engineering for Grades 6-12: Investigation
and Design at the Center. She earned a bachelor’s degree from Wesleyan
University and a Ph.D. in molecular biology from Princeton University.

JANET GAO is a program officer with the Board on Science Education at
the National Academies of Sciences, Engineering, and Medicine. She has
been an active scholar-practitioner in the field of postsecondary education
research, policy, and administration, and has taught students at many dif-
ferent levels. In Board on Science Education, she supports and coordinates
work for a variety of K-12 and Higher Education projects, including events
related to the Symposium on Imagining the Future of Undergraduate STEM
Education, the Roundtable on Systemic Change in Undergraduate STEM
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Science Activation 2.0, and the current report on Supporting Equitable and
Effective Teaching. She holds a doctoral degree from the George Washing-
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and a master’s degree in intercultural communication from the University
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and Engineering Education. She earned her bachelor’s degree in social wel-
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cation at the National Academies of Sciences, Engineering, and Medicine.
She oversees a portfolio of work that includes K-12 science education,
informal science education, and higher education. Schweingruber joined
the staff of the board in 2004 as a senior program officer. In this role, she
directed or co-directed several projects including the study that resulted in
the report A Framework for K-12 Science Education (2012), the blueprint
for the Next Generation Science Standards. Most recently, she co-directed
the study that produced the report Call to Action for Science Education:
Building Opportunity for the Future (2021). Schweingruber is a nationally
recognized leader in leveraging research findings to catalyze improvements
in science and STEM education policy and practice. She holds a Ph.D. in
psychology and anthropology, and a certificate in culture and cognition

from the University of Michigan.
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