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Preface

Policy makers agree that the nation’s economic and social development require
investment in the education of everyone. The level of that education and the skills
required in 21st century America differ widely from those needed in the country
inhabited and built by our forebears. The pace of change is different, as are the
demographics of the U.S. population. While education in general is critical to the
nation’s future, it is widely recognized that the specific skills often acquired in the study
of science, technology, engineering, and mathematics (STEM) fields are increasingly
needed across the economy, and it is those fields that we have explored in depth in this
report.

The decision to focus on specific fields was partly based on practical
considerations. The scope of the study needed to be bounded so that a detailed report
could be produced, and the national focus on STEM education and jobs led to the need to
clarify what research can contribute to the ongoing policy debates. However, while the
committee acknowledges the importance of STEM to the nation’s economic
competitiveness, we also recognize the importance of the pursuit of all knowledge,
including the arts and humanities, and how these non-STEM areas also support the
growth of ideas and solutions needed to address global challenges.

We also recognize that those holding STEM degrees have higher salaries and
lower levels of unemployment, and there is a smaller pay gap between men and women
in many STEM fields than in other fields. At the same time, we note that most people
with STEM degrees are not working in STEM fields.

We do not tie our discussion to questions of the adequacy, oversupply, or surfeit
of STEM degree holders. We note that those with an interest should be afforded an
opportunity for success. STEM degrees not only provide credentials that attest to mastery
of knowledge in specific STEM fields, but also indicate that the individuals likely possess
skills that are used and valued in a variety of sectors of the economy. Beyond the interest
in providing knowledge and skills that will be valuable in the economy is the value of
having such knowledge and skills to support responsible citizenship in a pluralistic
democracy. Study of STEM fields can enrich individuals as they engage in multiple roles
across society.

Our forebears lived in a time when there were different norms as to the role of
women and minorities in the community and the economy. Today, women are the
majority of students in higher education. The shifting demographic means that the nation
has to develop talent from across society, including among those who may not in the past
have been afforded a quality education or those for whom society has not had
expectations for success in STEM fields.

As we have explored the research to inform the question of STEM degree
completion, we have tried to look to the extent possible at various groups in the
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population, especially at groups who, history shows, may not have been enabled to
contribute to the talent pool for STEM. We know, for example, that in addition to women
and underrepresented minorities, persons with disabilities and first-generation college
students have faced barriers. Unfortunately, we have not always had robust data or
relevant research to be able to outline the nature of those barriers or the opportunities to
address them. To respond to this lack of guidance, we can only advocate that reforms be
learner centered and that the system be viewed from the perspective of the learners.

Shirley Malcom, Chair
Committee on Barriers and Opportunities in
Completing 2-Year and 4-Year STEM Degrees
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Summary

Why do many of the students who enter higher education with an interest in
pursuing study in science, technology, engineering, and mathematics (STEM) lose that
interest before degree completion? How can the quality of the educational experience of
undergraduate STEM students be improved? Motivated by these questions, the National
Research Council appointed the Committee on Barriers and Opportunities in Completing
2-Year and 4-Year STEM Degrees to address the barriers that prevent students from
earning the STEM degrees to which they aspire and to identify opportunities to promote
completion of undergraduate STEM degrees.

The committee approached its review of research on undergraduate STEM
education from the viewpoint that all students who are interested in a STEM credential
should be: enabled to make an informed decision about whether a STEM degree is the
right degree choice for them; afforded the opportunity to earn the degrees they seek with
a minimum of obstacles; and supported by faculty, advisers, mentors, and institutional
policies rather than being or perceiving themselves as being pushed out of STEM majors.

A diverse range of students take varied paths to earn STEM degrees. There are
both differences and similarities across disciplines, institution types, and student
characteristics. Contrary to the image of a linear route to a bachelor’s degree in STEM
(often referred to as the STEM pipeline), we found instead a complex array of pathways
to a varied set of undergraduate credential outcomes, both 2- and 4-year degrees.
Students use 2- and 4-year institutions in ways likely not envisioned by educators and
policy makers, with frequent transfers, concurrent enrollment at multiple institutions, and
multiple points of entry, exit, and reentry to the pathways.

Such pathways have major implications for the financing of, the time to, and the
cost of degrees. However, existing data systems make it difficult to track students seeking
STEM degrees because they focus on first-time, full-time students; such students account
for a minority of the undergraduate population. And the diversity of pathways, even for
those who may successfully complete STEM degrees, raises serious practical questions
about the validity of the accountability metrics being used or proposed for higher
education institutions.

The very culture of STEM presents both barriers and opportunities for
successful degree completion for all students. The normative culture of STEM can be a
barrier for students from underrepresented groups because it often includes views of
student ability as inherent or natural, related to one’s genetics, and thus not amenable to
improvement. Related to this view is the tendency for introductory mathematics and
science courses to be used as “gatekeeper” courses with highly competitive classroom
environments that serve to discourage students who are new to the fields, especially
women and those from minority backgrounds.

Institutional, state, and national education policies have not been developed to
support the various pathways that students are now taking to earn a STEM degree.
Transfer and articulation policies (or the lack of these) often slow students’ progress to
degrees, deter students from transferring, and increase the cost of their undergraduate
education. In addition, students often pay more for a STEM degree than expected due to
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tight course sequencing, degree requirements, grading policies, the need for
developmental coursework, and the availability of courses. The high cost of providing
some STEM degrees and diminishing funding from state and federal sources have led
some universities to adopt the practice of charging differential tuition. While research on
the effects of differential pricing is limited, existing studies indicate potentially negative
effects of this policy on selecting a STEM major, particularly among women and
underrepresented minorities.

Some states have adopted performance-based funding formulas, which reward
institutions with higher graduation rates. This policy is feared to have the unintended
consequence of placing a greater focus on graduation rates rather than either the quality
of the degrees offered or on the populations being served, but studies have yet to explore
whether these fears are justified. It also has been criticized for failing to recognize the
work being done by institutions that are attempting to support STEM degree completion
by capable students who come from different profiles—such as those who are
academically less well prepared, including many from underrepresented groups. The
policy of performance funding may also have had the unintended consequence of limiting
the recruitment and enrollment of students from those groups, who may be deemed at
high risk of failure, both generally and in STEM fields.

Some colleges that provide co-curricular support to students (such as peer
tutoring, research experiences, and living-learning communities) and have improved
instructional strategies have seen improvement in student outcomes. These structures
often function outside of the regular operations of the departments. However, an
institution-wide or systemic approach to change is most likely to yield meaningful and
lasting results.

Overall, it is clear that the STEM pipeline metaphor is not an accurate portrayal of
the diverse, complex paths that students take to earn STEM degrees. The prominent
practice of undertaking piecemeal reform efforts has typically been shown to be
unsuccessful because these efforts do not attend to complex pathways being taken to earn
STEM degrees, the challenges the students face along those pathways, and the policy
environments in which these challenges are addressed. To address the needs of STEM
students, colleges, universities, federal agencies, professional organizations, state and
federal policy makers, accrediting agencies, foundations, and STEM departments need to
work together, across their individual structures, to create comprehensive and lasting
improvements to undergraduate STEM education.

CONCLUSIONS
CONCLUSION 1 There is an opportunity to expand and diversify the nation’s
STEM workforce and STEM-skilled workers in all fields if there is a commitment to
appropriately support students through degree completion and provide more
opportunities to engage in high-quality STEM learning and experiences.
CONCLUSION 2 STEM aspirants increasingly navigate the undergraduate

education system in new and complex ways. It takes students longer for completion
of degrees, there are many patterns of student mobility within and across
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institutions, and the accommodation and management of student enrollment
patterns can affect how quickly and even whether a student earns a STEM degree.

CONCLUSION 3 National, state, and institutional undergraduate data systems
often are not structured to gather information needed to understand how well the
undergraduate education system and institutions of higher education are serving
students.

CONCLUSION 4 Better alignment of STEM programs, instructional practices, and
student supports is needed in institutions to meet the needs of the populations they
serve. Programming and policies that address the climate of STEM departments
and classrooms, the availability of instructional supports and authentic STEM
experiences, and the implementation of effective teaching practices together can
help students overcome key barriers to earning a STEM degree, including the time
to degree and the price of a STEM degree.

CONCLUSION 5 There is no single approach that will improve the educational
outcomes of all STEM aspirants. The nature of U.S. undergraduate STEM
education will require a series of interconnected and evidence-based approaches to
create systemic organizational change for student success.

CONCLUSION 6 Improving undergraduate STEM education for all students will
require a more systemic approach to change that includes use of evidence to support
institutional decisions, learning communities and faculty development networks,
and partnerships across the education system.

RECOMMENDATIONS

RECOMMENDATION 1 Data collection systems should be adjusted to collect
information to help departments and institutions better understand the nature of
the student populations they serve and the pathways these students take to complete
STEM degrees.

RECOMMENDATION 2 Federal agencies, foundations, and other entities that
fund research in undergraduate STEM education should prioritize research to
assess whether enrollment mobility in STEM is a response to financial, institutional,
individual, or other factors, both individually and collectively, and to improve
understanding of how student progress in STEM, in comparison with other
disciplines, is affected by enrollment mobility.

RECOMMENDATION 3 Federal agencies, foundations, and other entities that
support research in undergraduate STEM education should support studies with

multiple methodologies and approaches to better understand the effectiveness of
various co-curricular programs.
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RECOMMENDATION 4 Institutions, states, and federal policy makers should
better align educational policies with the range of education goals of students
enrolled in 2- and 4-year institutions. Policies should account for the fact that many
students take more than 6 years to graduate and should reward 2- and 4-year
institutions for their contributions to the educational success of students they serve,
which includes not only those who graduate.

RECOMMENDATION 5 Institutions of higher education, disciplinary societies,
foundations, and federal agencies that fund undergraduate education should focus
their efforts in a coordinated manner on critical issues to support STEM strategies,
programs, and policies that can improve STEM instruction.

RECOMMENDATION 6 Accrediting agencies, states, and institutions should take
steps to support increased alignment of policies that can improve the transfer
process for students.

RECOMMENDATION 7 State and federal agencies and accrediting bodies
together should explore the efficacy and tradeoffs of different articulation
agreements and transfer policies.

RECOMMENDATION 8 Institutions should consider how expanded and improved
co-curricular supports for STEM students can be informed by and integrated into
work on more systemic reforms in undergraduate STEM education to more
equitably serve their student populations.

RECOMMENDATION 9 Disciplinary departments, institutions, university
associations, disciplinary societies, federal agencies, and accrediting bodies should

work together to support systemic and long-lasting changes to undergraduate
STEM education.
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1
Introduction

Interest in science, technology, engineering, and mathematics (STEM) credentials
continues to grow among students who have graduated from high school and intend to attend a 2-
or 4-year institution (National Science Board, 2014; National Center for Education Statistics,
2013).! At the same time, calls for improvements to undergraduate STEM education persist in
part because the 6-year completion rates for STEM degrees remain around 40 percent
(President’s Council of Advisors on Science and Technology, 2012): this is noticeably lower
than the rate of 56 percent among all students who first enrolled in 2007 in all types of 2-year
and 4-year institutions (Shapiro et al., 2013). It is important to consider whether students
interested in earning a STEM degree leave STEM for reasons related to how STEM is taught or
the nature of the learning environments, in contrast to leaving STEM because they discover a
different course of study that is a better match for their interests and abilities.

A recent report to the President, Engage to Excel: Producing One Million Additional
College Graduates with Degrees in Science, Technology, Engineering and Mathematics
(President’s Council of Advisors on Science and Technology, 2012), cited the need to develop an
adequate base of talent in STEM fields to ensure the economic strength, national security, global
competitiveness, environment, and health of the United States. Industry and business leaders also
have expressed concern about having adequate numbers of STEM graduates at the baccalaureate
and associate levels. At the same time, a number of researchers have examined trends in the data
and come to conflicting conclusions regarding whether there is or will be a shortage of graduates
with STEM degrees (see, e.g., Carnevale et al., 2011; Rothwell, 2013; Salzman, 2013). Some
analysts estimate a shortfall of STEM graduates in the next 10 years (Carnevale et al., 2011),
while others suggest a surplus of STEM graduates over the same period of time (Salzman, 2013).
Different conclusions seem to arise due to disagreements about a number of fundamental
assumptions. For example, there is not agreement about what jobs should be included as part of
the STEM workforce. Research on the current and future STEM workforce continues to attempt
to resolve these contradictions among economic and workforce forecasts.

The heightened attention to workforce predictions has focused most of the attention on
undergraduate STEM education reform on the question of workforce demand, rather than on
whether institutions are providing students with a high-quality education and the supports they
need to complete a STEM credential.? Our task was different: we do not consider questions of
shortage, adequacy, or surfeit. Rather, as directed by the statement of task for the study (see Box
1-1), our work centered on the barriers and opportunities that students encounter along the
increasingly diverse pathways to earning a STEM credential at a 2-year or 4-year institution. We
thus have focused on research that investigates the roles that people, processes, and institutions
play in 2- and 4-year STEM credential production. We have done so with the view that all
undergraduate students interested in a STEM credential should be

YIn this report we use the term “institution” to refer to colleges and universities. We refer to 2-year institutions and
community colleges interchangeably even though some community colleges grant 4-year degrees.
%A “credential” is any degree or certification that can be earned by a student at 2-year or 4-year institutions.
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e enabled to make an informed decision about whether a STEM credential is the right
choice for them;®

e afforded the opportunity to earn the credential they seek with a minimum of
obstacles; and

e supported by faculty, advisers, mentors, and institutional policies rather than being or
perceiving themselves as being pushed out of STEM majors or having to overcome
what they perceive as insurmountable obstacles.

This report gives special attention to factors that influence diverse students’ (e.g., by race,
ethnicity, gender, and socioeconomic factors) decisions to enter, stay in, or leave majors in
STEM fields. We explore factors inclusive of and beyond the quality of instruction, such as
grading policies, course sequences, undergraduate learning environments, student supports, co-
curricular activities, students’ general self-efficacy and self-efficacy in science, family
background, and governmental and institutional policies that affect STEM educational pathways.
The report explores the role of motivation, interest, and attitude in shaping undergraduates’
trajectories in STEM, especially in the transition from 2- to 4-year institutions.

This study builds on previous work of the National Research Council (NRC) and the
National Academy of Engineering (NAE), including the reports Community Colleges in the
Evolving STEM Education Landscape (National Research Council and National Academy of
Engineering, 2012), Expanding Underrepresented Minority Participation: America’s Science
and Technology Talent at the Crossroads (National Research Council, 2011), Discipline-Based
Education Research: Understanding and Improving Learning in Undergraduate Science and
Mathematics (National Research Council, 2012), The Engineer of 2020: Visions of Engineering
in the New Century (National Academy of Engineering, 2004), and Changing the Conversation:
Messages for Improving Public Understanding of Engineering (National Academy of
Engineering, 2008).

WHAT WE MEAN BY STEM

Any thoughtful discussion of STEM education requires a working definition of what
constitutes STEM disciplines. While STEM is a term commonly used, an enduring question for
policy makers, advocates, researchers, and this committee is what fields of study and practice are
included in STEM. Despite legal definitions and the policies based on them, there still is little
consensus as to which fields and courses of study should fall within STEM.

STEM has been previously defined by the National Academy of Engineering and
National Research Council (2009, p.17):

e Science is the study of the natural world, human behavior, interaction, and social and
economic systems. It includes studies of the laws of nature associated with physics,

¥ By this we mean to stress that it should be expected that some students who initially seek a STEM degree will
choose a different discipline to major in because they find that they do not like the STEM discipline they were
originally interested in or they find an alternate discipline that is a better match for their interests and abilities. Such
choices should be viewed as a positive outcome, because it is part of the natural process of exploration and
discovery in college. On the other hand, it would be a major concern if students choose a non-STEM major because
they have negative experiences in STEM programs for which they are otherwise a good match.
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chemistry, and biology and the treatment or application of facts, principles, concepts, or
conventions associated with these disciplines.

e Technology comprises the entire system of people and organizations, knowledge,
processes, and devices that go into creating and operating technological artifacts, as well
as the artifacts themselves.

e Engineering is both a body of knowledge—about the design and creation of human-made
products—and a process for solving problems. This process is design under constraint.
One constraint in engineering design is the laws of nature, or science. Other constraints
include factors such as time, money, available materials, ergonomics, environmental
regulations, manufacturability, and reparability. Engineering utilizes concepts in science
and mathematics as well as technological tools.

e Mathematics is the study of patterns and relationships among quantities, numbers, and
shapes. Mathematics includes theoretical mathematics and applied mathematics.

The National Science Foundation (NSF) also delineates the STEM fields as physical,
biological, earth, atmospheric and ocean sciences; mathematics, statistics, and computer
sciences; social, behavioral, and economic sciences; and all areas of engineering and technology.
In an examination of the research on STEM education, which covers an array of disciplines, the
committee found that only some researchers used the NSF definition, while many studies did not
include social and behavioral sciences. Inconsistencies in the definition of STEM can make it
difficult to reconcile findings across studies. For this reason we note which fields are included in
the STEM education research summarized throughout this report.

Given that the focus of this report is to identify the barriers and opportunities to earning
STEM degrees, we focused our review on STEM fields where attrition is most pronounced,
particularly among underrepresented groups; is caused by similar barriers or factors (e.g., level
of mathematics preparation and proficiency, departmental and classroom culture, course
sequencing, and cost); and can be attenuated by similar interventions or systemic changes.

The committee identified some barriers and opportunities in completing a STEM degree
that are common across STEM disciplines, and we found that some barriers and opportunities
differ across them. Where relevant, we discuss the differences among STEM fields.

STEM DEGREE PATHWAYS

A frequent metaphor used to describe the movement of students toward STEM degrees is
that of a pipeline, the implication being that they are on the road to a degree unless or until they
“leak out.” This metaphor does not begin to capture the complex ways that today’s students use
colleges and universities to complete their degrees. This report provides new ways of both
envisioning and planning for the routes and strategies (or lack thereof) in and across institutions
of higher education that today’s students use in pursuit of STEM degrees.

In 2010, nearly 40 percent of entering students at 2- and 4-year postsecondary institutions
indicated an intention to major in STEM; an increase from 2007, when about 33 percent
indicated the intention to major in STEM (National Science Board, 2014). Overall, numbers of
STEM credentials are increasing for almost every STEM discipline. At the same time, about one-
half of students with the intention to earn a STEM bachelor’s degree and more than two-thirds of
those intending to earn a STEM associate’s degree fail to earn these degrees within 6 or 4 years,
respectively (Eagan et al., 2014; Van Noy and Zeidenberg, 2014). In addition, many students
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who do complete credentials take longer than the advertised length of the programs (Eagan et al.,
2014; Van Noy and Zeidenberg, 2014), for example, students aspiring to a B.S. in biology enter

this course of study expecting to graduate in 4 years, based on the information provided to them

by institutions and biology departments. The extended time to degree results in higher costs that

students and their families may not have anticipated.

Understanding students’ trajectories to STEM degrees and what causes them to stay or
leave requires answers to a number of questions. Are the STEM educational pathways any less
efficient than those for other fields of study? Are they more efficient for some students than for
others? If so, what constitutes and contributes to effective patterns? At what points do losses
occur? How might the losses be minimized and greater efficiencies realized? These questions are
at the heart of the committee’s study.

A better understanding of the current “system” of STEM degrees in 2- and 4-year
institutions has important implications for national education policy and planning. Efforts being
undertaken by federal- and state-level agencies and departments and by private funders of higher
education need to be informed by the best possible data and analysis about what works where,
for whom, and under what circumstances. Much of the data that could help address these
national priorities in education and workforce remain either uncollected, collected in
idiosyncratic formats that make analyses difficult or impossible, or are mired in regulations that
are rightly designed to protect student privacy but that hamper informed decision making at all
levels of the education system. For example, it is difficult to track part-time students and students
who transfer among institutions: both kinds of students are growing proportions of the overall
undergraduate student population.

In order to tell this complex story, we have organized the report and our findings around
the concept of pathways. In Chapter 2 we describe several broad pathways based on whether
students first enroll in a 2- or 4-year institution. We describe the pathways that community
college students take when seeking to earn an associate’s degree, to transfer to a 4-year
institution (mostly, science and engineering majors), or to earn a certificate (mostly, technician
majors). We also trace the pathways that students who first enroll at a 4-year institution take to
earn a STEM degree, including whether they initially enter a STEM degree program or choose a
STEM program later, and how students move across institutions. Those moves cover many
combinations: transferring from a 2-year to a 4-year institution, reverse transferring from a 4-
year to a 2-year institution, transferring between 2-year institutions, transferring between 4-year
institutions, as well as combinations of attendance at multiple institutions.

We review what happens to those who do not complete the journey. We assess where
students encounter barriers and how the barriers affect their education pathways. We describe the
major changes in student demographics; how students view, value, and use programs of higher
education; and how institutions can adapt to support successful student outcomes. In doing so,
we question whether the definitions and characteristics of what constitutes success in STEM
should change. As we explore these issues, we identify where further research is needed to build
a system that works for all students who aspire to STEM credentials.

The questions and issues that we cover in this report are not all specific to STEM
education. Some of the barriers and opportunities that we explore occur across all of
undergraduate education. Thus, we draw from research from undergraduate education in general,
as well as from STEM-specific education when possible. We also point out where trends or
findings are applicable to both STEM and non-STEM pathways and which are unique to STEM.
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THE NEW NORMAL IN UNDERGRADUATE STEM EDUCATION

Who are today’s undergraduate students who aspire to earn STEM degrees? How do they
compare with undergraduates more generally? What is known about those who switch out of
STEM programs, those who are “undecided,” or those who enter STEM after having first
selected a different field of study, and those who leave higher education without completing any
degree? Beyond interest and motivation, what prior preparation do STEM majors bring with
them to college? What is it about their backgrounds and the culture and mission of the academic
departments and institutions they enter that contribute to the current outcomes? Are some types
of institutions and academic programs more or less successful in producing STEM graduates for
different groups of students?

Answering these questions means probing deeply into the patterns of study for different
groups of students. It also means throwing aside some of the misconceptions that persist about
who is a STEM student. Historically, the conception of STEM undergraduates has been students
fresh out of high school who enter a 4-year college and complete degrees in 4 years: this pattern
has so changed that such students are less than half of the undergraduate population (Eagan et al.
2014; Salzman and Van Noy, 2014).

Undergraduate students pursue degrees in a wide range of types of institutions: research
universities, comprehensive universities, and 2-year and 4-year colleges, as well as for-profit
institutions. Community colleges play an increasingly important role in the national higher
education system, including in STEM education (Mooney and Foley, 2011). In 2011, nearly half
of all students at the undergraduate level attended 2-year colleges: the 8.2 million students in 2-
year colleges were 45 percent of all undergraduates (National Science Board, 2014). Associate’s
degrees comprised 33 percent of all undergraduate degrees awarded in 2008-2009 (National
Center for Education Statistics, 2013).

The propensity to enroll in different types of institutions varies for different groups of
students (Kena et al., 2014). Minority, first-generation, and low-income students
disproportionately attend 2-year institutions. Fifty-seven percent of all black undergraduate
students and 60 percent of all Hispanic undergraduate students attended community colleges in
2011-2012, compared with 41 percent of white and Asian/Pacific Islander undergraduate
students (Witham et al., 2015). Students from families whose income is in the bottom or third
quartile are 50 percent of the student body at 2-year institutions, but only 14-34 percent of the
student body at competitive 4-year institutions (Witham et al., 2015). Enrollment patterns also
differ by parental education level: 48 percent of undergraduate students whose parents did not
complete high school attend a community college, 42 percent of students whose parents
completed high school attend a community college, and 34 percent of students whose parents
completed college attend a community college (Witham et al., 2015).

SUCCESS IN UNDERGRADUATE STEM EDUCATION

The most commonly used assessment of success in undergraduate education, the
graduation rate,* is a popular metric for a number of reasons. Institutions, students, and policy

*Degree completion at 4-year institutions is typically based on a 6-year time frame, and a 4-year time frame is used
for degrees and certifications at 2-year institutions.
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makers like them because they perceive them to be aligned with the primary goal of most college
students (Bailey and Xu, 2012). In addition, completion and progression data are widely
available and can be more easily collected in a consistent manner than other outcomes, such as
wages or employment.

Critics have pointed out, however, that graduation rates on their own are a flawed metric
of success because they are influenced by factors beyond the control of an institution. Graduation
rates also are influenced by the characteristics of the students who are accepted at each
institution. Thus, highly selective institutions would be expected to have higher graduation rates
than institutions that are less selective. In addition, a degree is not the ultimate goal of all college
students, especially among students at 2-year institutions: they may also seek to transfer to 4-
year institutions without earning a degree, to earn a certificate, or to learn job-related skills.
Thus, graduations rates provide some indication of the success of an undergraduate STEM
program, but this information is difficult to interpret without information regarding student
preparation, student goals, and institutional context.

An even broader vision of success has been emerging from definitions of success
developed by various stakeholder groups, including the American Association of Community
Colleges, the Aspen Institute, the Bill & Melinda Gates Foundation, and the National Governors
Association. These visions shift the focus to a broader set of academic indicators, such as success
in remedial and first-year courses, course completion, credit accumulation, time to degree,
retention and transfer rates, degrees awarded, student diversity, and learning outcomes. However,
there are as yet no systemic, national data sources on such factors.

Specific frameworks for success have recently been developed by a number of groups.
These frameworks include both academic indicators and factors associated with the quality of
STEM education. For example, the Association of American Universities (AAU) framework for
success in undergraduate STEM education focuses on improving undergraduate STEM
instruction and the culture of the learning environments.® The framework includes three factors
that need to be addressed together: pedagogy, scaffolding, and cultural change. Pedagogy
includes aligning faculty incentives with high-quality instructional practices, leadership
commitment to improved pedagogy, and assessing teaching practices. Under scaffolding, the
AAU framework focuses on improved facilities, integrating technology into classroom
instruction, faculty professional development, and the use of data for continuous improvement.
Culture change includes ensuring expanded access, articulated learning goals, leadership
commitment to change, establishing metrics of effective teaching practices, and the alignment of
incentives with high-quality teaching practices. AAU is working on collecting data on these
factors.

Some people in the field have also begun to include interpersonal and psychological
factors as components of student success. Schreiner and colleagues (2010) have begun to focus
on three key areas that contribute to student success and persistence: academic engagement and
determination; interpersonal relationships; and psychological well-being. They identify thriving
as a desirable goal for students, by which they mean more than surviving and graduating.
Thriving means that students are engaged in the learning process, investing effort to reach
important educational goals, managing their time and commitments effectively, connected in
healthy ways to other people, optimistic about their future, positive about their present choices,
appreciative of differences in others, and committed to making a contribution to their community
(Schreiner et al., 2009).

*For more information, see https://stemedhub.org/groups/aau/framework [April 2015].
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As we approached our charge, we took the view that success is achieved when all
students who are interested in STEM majors:

e are able to make informed decisions about the best course of study for them based on
interests, motivation, and career aspirations;

e understand the variety of and potential career pathways that come with STEM degrees;

e have a clear understanding of STEM content and practices;

e do not face unreasonable barriers along their pathways that discourage them or make
progress impossible; and

e are aware of connections between STEM and societal issues and concerns.

COMMITTEE APPROACH AND THE REPORT

This study was designed to describe the status of knowledge about the barriers faced by
students with an interest in earning a STEM degree or certificate and the opportunities and
strategies to remove these barriers (see the statement of task in Box 1-1, above). The report
includes an in-depth analysis of the students who seek STEM degrees, the pathways taken to
STEM degrees, the barriers to earning STEM degrees, programs and policies that support the
completion of STEM degrees, and the systemic reforms needed to improve undergraduate STEM
education for all students.

With support from the S.D. Bechtel, Jr., Foundation, the Alfred P. Sloan Foundation, and
NSF, the National Academies of Sciences, Engineering, and Medicine established the Committee
on Barriers and Opportunities for 2- and 4-Year Undergraduate STEM Degrees to undertake this
study. Selected to reflect a diversity of perspectives and a broad range of expertise, the 18
committee members included experts in the sociology of education; the current STEM
workforce; higher education policy, practice, and administration; data collection methodologies;
longitudinal and career research; educational and career counseling; STEM education reform;
and advanced technical education. In addition, the committee included balanced representation
across the range of state-supported and private universities and colleges, special-focus
institutions, and 2-year colleges (see the biographical sketches of members in Appendix B).

In addressing the statement of task (see BOX 1-1), the committee focused its attention on
students who aspire to earn a STEM credential, with the understanding that there also is heavy
STEM course taking by students in other fields. For example, introductory STEM courses are
required as part of general education credit requirements for students who aspire to a degree in
many non-STEM fields (e.g., health sciences, humanities) at the vast majority of 2- and 4-year
institutions. We anticipate that the changes recommended in this report could lead to positive
effects for a much larger pool of students than are the primary focus of this study.

The committee conducted its work through an iterative process of gathering information,
deliberating on it, identifying gaps and questions, gathering further information to fill these gaps,
and holding further discussions or seeking expert guidance. In our search for relevant
information, we held three public fact-finding meetings and reviewed published and unpublished
research reports and evaluations. We also commissioned seven white papers on a wide range of
topics:

e regulations and policies affecting the transfer of credit between 2- and 4-year institutions,
by Ken O’Donnell;
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e co-curricular supports for underrepresented students seeking a STEM degree, by Mica
Estrada;

e pathways to a STEM degree among students who begin college at a 4-year institution, by
Kevin Eagan, Tanya Figueroa, Brice Hughes, and Sylvia Hurtado;

e contributions of community colleges to undergraduate STEM education and workforce
development, by Michelle Van Noy and Matthew Zeidenberg;

e contributions of for-profit institutions to undergraduate STEM education and workforce
development, by Kevin Kinser;

e the effect of mathematics education on the trajectories of STEM students, by David
Bressoud; and

e STEM student pathways from 4-year institutions and 2-year institutions, by Hal Salzman
and Michelle Van Noy.°

The committee as a whole met in person four times. At the first meeting, the committee
discussed the charge with representatives from the Alfred P. Sloan Foundation and NSF. The
meeting also included presentations from experts on issues related to student completion and
persistence in STEM majors; creating and implementing changes to improve student outcomes;
discipline-specific barriers, opportunities, and reform efforts; and serving underrepresented
groups at 2- and 4-year institutions.

During its second meeting, the committee heard expert testimony on the state of reform
efforts in mathematics education; the cost and price of STEM degrees; the importance of and
barriers to authentic STEM experiences for students;’ and the value of taking a systems approach
to improving undergraduate STEM education. Both meetings included private discussion among
the committee members, which allowed them the opportunity to debate the relevance of the
findings presented.

The third committee meeting was structured as a public workshop on undergraduate
STEM education. The workshop included two panel discussions on the goals and processes for
reforming undergraduate STEM education. The first panel included representatives from
foundations and industries, and the second panel included representatives from national
associations. The meeting also included expert presentations on and discussions of student
persistence in STEM degrees at different types of institutions (2-year, 4-year, public, private,
nonprofit, for-profit, etc.); cultural barriers within STEM departments and classrooms; co-
curricular supports; models of transfer and articulation agreements/systems; and sustaining
systemic change. Prior to the start of the workshop, the committee met for half a day to discuss
the report outline and potential conclusion and recommendation topics.

At the fourth committee meeting, we intensely analyzed the relevant evidence that had
been uncovered and discussed our conclusions. We were particularly focused on identifying
bodies of research that are characterized by systematic collection and interpretation of evidence
and exploring the ways in which these research literatures connect to each other.

The report takes a student-focused approach to identifying the barriers and opportunities
to earning 2- and 4-year undergraduate STEM degrees or certifications, and this theme is
reflected in all chapters of the report. In Chapter 2 we describe the pathways students take to
earn STEM degrees. The chapter also provides a detailed look at who STEM degree seekers are,

®The public meeting agendas and white papers are available at
http://sites.nationalacademies.org/DBASSE/BOSE/CurrentProjects/ DBASSE_088837 [April 2015].
" See page 4-8 for definition of and discussion of authentic STEM experiences
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what institutions they attend, and how they navigate the undergraduate STEM education
pathways. Differences in student pathways, majors, and institution type are highlighted
throughout. Chapter 3 describes the effect of the culture of STEM departments and classrooms
on students interested in a STEM credential. Chapter 4 provides a synopsis of instructional,
departmental-level, and institutional-level barriers to STEM degrees and certifications. In
addition, we review the effects of the range of interventions developed to improve student
outcomes.

In Chapter 5 we review the system-level and policy barriers and the steps that can be
taken to remove them. In Chapter 6 we describe how to create systemic and lasting change. The
final chapter contains our conclusions about the barriers and opportunities for 2- and 4-year
undergraduate STEM education and presents our recommendations to faculty, STEM
departments, colleges and universities, professional societies, higher education organizations,
state governments, and the federal government to improve STEM education for all students
interested in STEM degrees.
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BOX 1-1
STATEMENT OF TASK

An ad hoc committee will conduct a comprehensive study to understand the barriers
facing 2- and 4-year undergraduates who intend to major in science, technology, engineering,
and mathematics (STEM) and opportunities for overcoming these barriers. The committee will
prepare a report that will include conclusions based on the evidence and provide research-based
guidance to inform policies and programs that aim to attract and retain students to complete
associate’s and bachelor’s degrees in STEM disciplines.
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2
Multiple STEM Pathways

Major Messages

e Interest in STEM credentials continues to grow.
Students are taking more complex pathways to earning STEM credentials, often transferring
among institutions, entering and exiting STEM pathways at different phases of their studies,
and concurrently enrolling at more than one institution.

e The make-up of the student body is not the same as 25 years ago: students are more likely to
be from minority groups and to be single parents.

e “On-time” completion of a credential is infrequent: only 22 percent of students aspiring to
earn a 4-year STEM degree achieve their goal.

e The completion rates for students who aspire to a STEM degree continue to be lower than
those for students in many other fields, which has led to questions about the quality of the
educational experiences for STEM students.

Overall undergraduate enrollment is projected to increase in the United States in the
coming decade. It has been estimated that participation in postsecondary education will rise from
about 17.7 million students in 2012 to 20.2 million students in 2023 (National Center for
Education Statistics, 2014). This projected increase follows substantial growth in the past two
decades, from about 12.0 million in 2001: see Figure 2-1.

In addition to the overall growth, enrollment has shifted across postsecondary sectors in
the past two decades. Between 1990 and 2000, the growth rate for 2-year institutions exceeded
those for 4-year institutions (National Center for Education Statistics, 2014). The reverse is now
true: growth in 4-year enrollments now outpaces 2-year college enrollments.! The net result of
these shifts, as shown in Table 2-1, has been relative stability in the share of students enrolled in
2-year institutions. The private for-profit sector (both 2- and 4-year) grew most rapidly between
1990 and 2013, especially between 2000-2010 when enrollments quadrupled. However, this
growth is derived from a very small base of less than 2 percent of nonprofit enrollments in 1990
(National Center for Education Statistics, 2014).

These trends in enrollment have occurred at the same time as changes in how students
navigate the undergraduate education system. As noted in Chapter 1, the path of graduating from
high school and then enrolling in a baccalaureate program and earning a bachelor’s degree in 4
years is no longer the norm. An increasing number of students are earning credits from multiple
institutions, are transferring between institutions (from 2-year to 4-year institutions, from 4-year
to 2-year institutions, between 2-year institutions, and between 4-year institutions), or are
enrolled in more than one institution at the same time. In fact, in 2012, 45 percent of all

These trends typically correlate with economic cycles. When the economy is in decline, 2-year enrollments
increase faster than 4-year enrollments; when the economy is recovering, the reverse happens.
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bachelor’s degrees were awarded to students who earned credits from a community college
(National Student Clearinghouse, 2012).

TODAY'’S STUDENTS

Analyses of National Student Clearinghouse data on all first-time, full-time, and part-
time students who started in any type of institution in 2006 (nearly 2.8 million students) show
that over approximately 5 years, one-third of the students transferred to a different institution
between their initial enrollment and degree completion (Hossler et al., 2012). Most transfers took
place in the second year, but there were significant numbers for all 5 years: 15 percent, first year;
37 percent, second year; 26 percent, third year; 22 percent, fourth year; and 25 percent, fifth
year. The total is more than 100 percent because 25 percent of students transferred at least twice.
A total of 43 percent of students who transferred from all types of institutions went to a public 2-
year college, making this the most popular destination (Hossler et al., 2012). Community
colleges are popular destinations for transferring students due to a number of factors, including
lower cost, increased accessibility (College Board, 2014), and proximity to students’ homes,
relative to 4-year institutions.

Across all fields of study, it is uncommon for students to graduate “on-time” (e.g.,
completing a 2-year degree in 2 years or a 4-year degree in 4 years). The on-time completion rate
for 1- and 2-year certificates is just 16 percent; for 2-year associate’s degrees, it is just 5
percent;? and for 4-year bachelor’s degrees, it is less than 35 percent (Complete College
America, 2014). In addition, not all students enroll in college in the academic year after
graduating from high school (Kena et al., 2014). Many students take one or more semesters off
between high school and college, and some only enroll years later. Together, the array of
entrance and exit points and multiple institutional enrollment patterns create a complex set of
student pathways for obtaining an undergraduate credential.

Along with changes in how students navigate their way to credentials in STEM and other
fields, the demographic profile of the students who are attending undergraduate institutions is
also changing. Today’s undergraduate college population looks somewhat different from the
college population of 25 years ago: see Table 2-1. For students from low-income families, there
has been a nearly 18 percent increase in enrollment since 1990 (National Center for Education
Statistics, 2014), and women are a slightly larger majority, about 57 percent today compared
with 54 percent 25 years ago. The student population is also now more racially and ethnically
diverse (National Center for Education Statistics, 2014). Increasing numbers of black and
Hispanic students are attending college: as a consequence, non-Hispanic white students now
account for a smaller fraction of all college students. In 1990, 77 percent of college students were
non-Hispanic white; in 2012, the number was 57 percent. Between 1990 and 2012, the
percentage of college students who were black rose from 12 to 15 percent, and the percentage of
students who were Hispanic rose from 6 to 16 percent. During the same time period, the
percentage of students who were American Indian/Alaska Native remained relatively stable
(0.8% and 0.9%).

The student population is slightly older than in the past. In 2012, about 60 percent of
undergraduate students were under age 25, compared with 63 percent in 1987. Today’s diverse
populations of undergraduate enrollees are distributed very differently across types of institutions

2 Students who transfer to 4-year institutions without earning an associate’s degree are counted against the on-time
completion rate.
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by age and by race (National Center for Education Statistics, 2014). For example, in fall 2011, 14
percent of full-time students enrolled at 4-year public institutions were over age 25, compared
with 29 percent of full-time students enrolled at 2-year public institutions. A greater proportion
of part-time students at both 4-year public institution (50%) and 2-year public instructions (48%)
in fall 2011 were over 25.

Changes in the student population are linked to precollege factors. The percentage of
students who completed high school in 2012 differs by socioeconomic status and by race and
ethnicity. The gap in access to college is also apparent in the difference in college-going rates
after high school graduation among students from different backgrounds. Students from families
with a high income are more likely to enroll in postsecondary institutions the year after
completing high school (81%) than students from middle- (65%) or low- income (52%) families
(Kena et al., 2014). The higher enrollment rates of white students compared to black students
first measured in 1990 no longer existed in 2012. In 2012, only Asian students enrolled in a
postsecondary institution the year after completing high school (84%) at a higher rate than other
students: white (67%), Hispanic (69%), and black (62%) students. While the gap in enroliment
in college after completing high school between racial minorities and whites has been closed,
lower percentages of black (68 percent), American Indian/Alaska Native (68%), and Hispanic
(76%) students graduate high school compared to white students (85%) (Kena et al., 2014). In
addition, students from racial minority groups continue to be concentrated in community
colleges, less selective 4-year institutions, and for-profit institutions. There is some research on
the precollege factors that influence student aspirations to earn STEM degrees. See Box 2-1 for
an overview of factors related to engineering.

The rest of this chapter explores how these trends are reflected in the composition of the
pool of students pursuing undergraduate STEM credentials and the pathways they take through
the undergraduate education system. We look at the 4-year pathways, the 2-year pathways, and
the for-profit sector. We discuss data regarding who completes STEM degrees and who does not.
Throughout, we consider the similarities and differences among STEM aspirants and the overall
undergraduate student population. Limitations in the nationally representative data sources on
STEM education restricted our exploration of the array of pathways to complete a STEM
credential: see Box 2-2. We close with conclusions regarding these STEM pathways.

THE 4-YEAR COLLEGE PATHWAY TO A STEM DEGREE

In the last decade, the United States has seen roughly a 10 percentage point increase in
the numbers of first-time, full-time students who enter 4-year institutions with the intention of
pursuing a major in a STEM discipline (Eagan et al., 2013; Hurtado et al., 2012; National
Science Foundation, 2014). Although interest in pursuing STEM majors continues to increase,
overall STEM completion rates have remained stagnant, and disparities among underrepresented
groups persist (Eagan et al., 2014). Two previous consensus reports and a recent workshop have
captured this scenario and have already made the case for improvements in undergraduate STEM
education, especially for students from groups typically underrepresented among STEM degree
earners: see National Academy of Sciences (2007); National Research Council (2011); and
National Academy of Engineering and American Society for Engineering Education (2014).

% Data on American Indian/Alaska Native students were not available.
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Although students who begin college as traditional first-time, full-time students may have
higher probabilities of attaining STEM career goals than non-first-time (e.qg., transfer or returning
students) and part-time students, “the “traditional” pathway of entering college as a STEM major
and completing that degree program in 4 years “is becoming anything but typical or
commonplace” (Eagan et al., 2014, p. 2). Many first-time students who begin at 4-year colleges
and universities switch into and out of STEM majors, concurrently enroll at more than one
campus, take semesters or full years off (often referred to as stopping out), and even drop out of
college. These patterns differ across students’ background characteristics, initial intended majors,
type of institution, and where students initially enroll (Eagan et al., 2014).

Trends in Student Aspirations

Drawing from nationally weighted data collected from the Cooperative Institutional
Research Program’s (CIRP) annual Freshman Survey for 2004 (Sax et al., 2004) and matched
with data from the 2010 National Student Clearinghouse (NSC), Eagan and colleagues (2014)
provide trend analyses on aspiring first-time freshmen and longitudinal analyses that focus on
completion rates based on the characteristics of students who intend to pursue STEM and
students who were non-STEM majors at college entry. It is important to note that Eagan and
colleagues include the natural sciences, technology, engineering, and mathematics as the default
components of STEM; when social and behavioral sciences are included in their analyses, it is
specifically noted.

The Freshman Survey covers hundreds of thousands of first-time, full-time entering
freshmen at 4-year colleges and universities nationwide. The National Science Foundation (NSF)
relies on these data for the National Science Board’s biennial Science and Engineering
Indicators report. The data are weighted within institution and within institutional type by
gender, and the weighted data represent characteristics of the national population of first-time,
full-time freshmen in nonprofit 4-year colleges and universities in the United States.

To examine persistence and completion rates of students, Eagan and colleagues (2014)
matched data from the 2004 Freshman Survey with enrollment and completion data from NSC.
The timeframe for the NSC data ranged from August 2004 through June 2010, which allowed for
analyses regarding 4-, 5-, and 6-year degree completion for students who entered a 4-year
college or university as a first-time, full-time freshman. The combined dataset also has been
weighted by gender within institution and within institutional type to make this sample of first-
time, full-time freshman representative of the national population of first-time, full-time students
who entered college in the fall of 2004.

The Freshman Survey includes more than 250 variables representing student
characteristics, precollege experiences, and educational and career goals. To identify the
characteristics of students who intend to pursue STEM majors when they enter college, Eagan
and colleagues primarily relied on student demographic characteristics, intended major, and
precollege academic preparation. Tracking STEM aspirants is essential, as most studies focus on
STEM students after they have declared a major and therefore underestimate the loss of STEM
student talent in the first 2 years of college.* There is also evidence that choosing a STEM major
is directly influenced by intent to major in a STEM field (Wang, 2013).

*All students who aspire to a STEM degree do not start college in a STEM major. Many enter college without
declaring a major or in a non-STEM major. For example, many 2-year colleges do not require students to declare a
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Figure 2-2 shows a slight increase from 2001 to 2011 in the proportion of all entering
full-time first-year students who indicate at college entry that they have an interest in majoring in
STEM. With the exception of mathematics, all STEM fields show increased student interest and
have recovered in the last decades from an all-time low in the late 1980s. Comparing student
intentions by race and ethnicity, the initial gap between underrepresented minority students and
white and Asian students evident in 1971 has largely been closed, and only in the last few years
is there evidence of slight differences, with 38 percent of white and Asian students aspiring to
STEM majors, compared with 35 percent of underrepresented minority students. Asian
American students are still slightly more likely to aspire to a STEM degree than all other groups.
Hispanic students’ interest has increased along with their growth in the college population.

Women’s interest in STEM majors has increased substantially, along with their
representation in the college population. One notable trend, illustrated in Figure 2-3, is that the
gender gap has been reversed among STEM aspirants. In 1971, 62 percent of men and 38 percent
of women aspired to a STEM degree; in 2012 the percentages were 48 percent and 52 percent
respectively. When social sciences are included in the analysis of STEM aspirants, more than
half (52%) of all first-time, full-time students indicated an interest in a STEM major. In addition,
it is important to note that female aspirations to earn a STEM degree differ by discipline.
Females are a big majority in social sciences (70%) and a majority in biological sciences (62%),
while t?ey are distinct minorities in engineering (21%) and in math and computer science
(25%).

Student Characteristics

Students who intend to major in STEM areas differ from all students in their level of
precollege preparation: STEM-interested students begin college better prepared academically,
more likely to have a higher than average grade point average (GPA), and more likely to have
completed higher-level courses in mathematics (including calculus and advanced placement [AP]
calculus) (Eagan et al., 2014). Not surprisingly, aspiring engineers are more likely to enter
college with higher levels of mathematics; those who have aspirations in the biological sciences
have more years of biology; and those who have aspirations in the physical sciences have more
years of high school physical science coursework (Eagan et al., 2014). Demographic differences
in intended majors occur across fields: women are more likely to pursue biological sciences,
health professions, and social sciences and men are more likely to intend majors in engineering,
mathematics, and computer science, as well as the physical sciences. The social sciences have
the greatest percentage of aspirants from historically underrepresented groups: see Table 2-2.
Social science aspirants are more likely to come from low-income backgrounds (38%) than
physical science aspirants (26 %). More than one-third of aspirants to health professions majors
come from the lowest income category.

Completion Rates

major, and students do not need to receive an associate’s degree prior to transferring to a STEM major at a 4-year
institution.

*Women account for less than 20 percent of bachelor’s degrees in computer science and more than 40 percent of
bachelor’s degrees in mathematics and statistics. See http://www.nsf.gov/statistics/2015/nsf15311/digest/nsf15311-

digest.pdf [July 2015].
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The majority of students who enter a 4-year institution intending to major in the natural
sciences, technology, engineering, and mathematics do not earn a degree in these fields, and
most of the students who switch majors do so after an introductory course in mathematics,
science, or engineering (President’s Council of Advisors on Science and Technology, 2012).
There is some evidence suggesting that many students who perform well in introductory classes
and are capable of earning a STEM degree still switch majors (Seymour and Hewitt, 1997;
Brainard and Carlin, 1998). Students who are interviewed about why they switched majors often
cite uninspiring and ineffective classroom environment and teaching practices as the reason
(Seymour and Hewitt, 1997). The population of those who complete STEM degrees is argued to
be the result of the cumulative effects of individual decision making in response to factors in
their institutions (e.g., quality of teaching, availability of support structures, discovery of
attractive alternative majors) and external factors (e.g., early educational preparation, financial
concerns, and larger social issues that affect specific groups).

STEM degree completion varies across fields, by students’ race, ethnicity, and gender,
and by institutional type (Eagan et al., 2014). Figure 2-4 shows the probability of completing in
the originally intended major, switching to another STEM field, switching to a non-STEM field,
still being enrolled after 6 years, and no longer being enrolled in college, all by students’ initial
field of study. Engineering and life science programs appear to do a better job of retaining
students: 39 percent of engineering, 37 percent of life science, and 36 percent mathematics
aspirants completed a degree in that field in 6 years, and another 8 percent, 6 percent, and 8
percent respectively switched to a different STEM field. The reason for this difference for
engineering and life science aspirants is unclear. For engineering aspirants this trend could be
due to the higher academic characteristics of aspiring engineers (evidenced in Table 2-2, above),
the timing of entry into an engineering major (sometimes occurring in the third year of college),
or other factors.

In contrast with engineering and life sciences, for students who began college intending a
major in the physical sciences, less than 25 percent completed a degree in 6 years, 20 percent
shifted to a different area of STEM, and nearly 30 percent switched to a non-STEM major.
Mathematics and statistics lost the largest percentage of their aspiring majors to non-STEM
fields (32%), but their aspirants were more likely to complete a bachelor’s degree in any field
(67%) and less likely to have dropped out of higher education (15%) (Eagan et al., 2014).

Not all STEM degree earners state an interest in a STEM degree when entering college.
Among the 34,616 students who earned a STEM degree in the dataset analyzed by Eagan and
colleagues, 18 percent originally intended to pursue a non-STEM major. About 30 percent came
from the group of students who originally indicated they were “undecided/undeclared” at college
entry. Fields from which the largest numbers of students who switched into a STEM major were
drawn were business (16%) and education (14%).

Completion rates vary considerably by race and ethnicity, gender, and STEM fields.
Although historically underrepresented racial minority students now aspire toward STEM
degrees at the same rates as white and Asian American students, disparities in STEM completion
by race and ethnicity persist: see Figure 2-5. First, overall, students are taking more time for the
degree—typically 5 years: only 22 percent of initial STEM aspirants completed a STEM degree
in 4 years. Within 6 years of entering college in 2004, just over 40 percent of all first-time, full-
time STEM aspirants completed a STEM degree. Within this cohort Asian American students
outpaced their peers in STEM at the 4-, 5-, and 6-year completion rates, with a total of 52
percent completing a STEM degree. White students lagged their Asian American counterparts,
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with 43 percent completing a STEM bachelor’s degree in 6 years. Historically underrepresented
minorities lagged further, with only 29 percent of Hispanic aspirants, 25 percent of American
Indian aspirants, and 22 percent of black aspirants earning a STEM degree in 6 years. By
comparison, the 6-year completion rates are higher across all majors for Hispanics, American
Indians, and blacks: 38 percent, 51 percent, and 41 percent respectively (Eagan et al., 2014).

The completion rates by gender and field for STEM aspirants are shown in Table 2-3.
Interestingly, the 4-year completion rate was nearly the same for women and men (23% for
women and 21% for men), but the rate was lower for women after 6 years (38% for women and
43% for men). The 6-year completion rates vary across fields, with women aspirants more likely
than men to complete engineering degrees (43% of women and 40% of men); men aspirants
more likely than women to complete bachelor’s degrees in the physical sciences (28% of women
and 33% of men); and men and women aspirants in the biomedical sciences about equally likely
to complete the bachelor’s degree (34% of women and 34% of men).

Degree attainment rates among initial STEM aspirants also vary by the type of
institution.® Doctoral and research universities outperformed liberal arts and master’s
comprehensive institutions for STEM completion rates among STEM aspirants in engineering
and biomedical sciences, but liberal arts colleges outperformed the other institutions when
considering completion in the physical sciences (Eagan et al., 2014). Although private
institutions had a completion advantage over public institutions, a previous study indicates that
the differences in completion rates become nonsignificant after accounting for differences in the
types of students enrolled at public and private institutions and for resource disparities across
these institutions (Hurtado et al., 2012).

STEM completion rates differ across predominantly white institutions, historically black
colleges and universities, Hispanic-serving institutions, and emerging Hispanic-serving
institutions’: see Table 2-4. The emerging Hispanic-serving institutions showed the highest
completion rates for STEM bachelor’s degree aspirants at 4 years (27%), 5 years (44%), and 6
years (48%). Completion rates in STEM majors were lower at Hispanic-serving institutions and
historically black colleges and universities. Eagan and colleagues (2014) found that these
institutions typically enroll larger numbers of students from low-income, first-generation, and
underrepresented groups who have lower completion rates at many colleges and often do not
have the same level of resources as students at selective predominantly white institutions. When
Eagan and colleagues (2014) controlled for student and institutional factors, they found that the
difference in completion rates between minority-serving institutions and predominantly white
institutions became nonsignificant. In addition, these multivariate analyses demonstrated that
black STEM aspirants are more likely to graduate with a STEM degree if they attended a
historically black college or university than if they had been enrolled at a predominantly white
university.

Student Mobility

®The Carnegie Classification System for Institutions of Higher Education was used in the following analyses. For an
overview of the Carnegie Classification System of Institutions of Higher Education see
http://carnegieclassifications.iu.edu/ [October 2015].

"Emerging Hispanic-serving institutions are those enrolling 15-24 percent Hispanics, just below the 25 percent
cutoff for Department of Education designation as a Hispanic-serving institution.
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Enrollment mobility is often unaccounted for in discussions of STEM students. Mobility
is highest among traditional-age college students who begin at 4-year institutions. Eagan and
colleagues’ (2014) analysis of aspiring STEM majors’ trajectories found that, over six years,
approximately 15 percent of these students reverse transferred from 4-year to 2-year institutions;
13 percent transferred laterally from one 4-year institution to another; and approximately 9
percent were concurrently enrolled in more than one institution (or campus) (Salzman and Van
Noy, 2014). Data on first-time college students (which is not limited to full-time freshmen) from
the Beginning Postsecondary Student (BPS) Survey of the National Center for Education
Statistics, indicate that 42 percent of 4-year STEM degree holders reported they had reverse
transferred, laterally transferred, or were concurrently enrolled (Salzman and Van Noy, 2014). A
separate longitudinal study found that between 2001 and 2007, about one-half of all STEM
bachelor’s degree recipients had attended a community college at some point in their college
career (Mooney and Foley, 2011).

Attending multiple institutions is associated with increased time to degree and lower
STEM degree completion rates (Salzman and VVan Noy, 2014). The relationship between STEM
student mobility and completion rates is shown in Table 2-5: low levels of completion are
associated with reverse transfers and slower progression with lateral transfers. Concurrent
enrollment was not as strongly related to students’ completion as transfer. Van Noy and
Zeidenberg (2014) also note a negative relationship between student mobility across 2-year and
4-year colleges and completion rates (see next section for discussion of 2-year colleges). The
mobility described here hints at some of the many ways that students navigate the higher
education system. It also shows the difficulties of developing metrics to track students along
these multiple pathways or to assess institutions’ contribution to or detraction from these
students’ success.

The complex picture that emerges from the analyses of 4-year college students is
characterized by:

e strong intention to major in STEM by students from all population groups;

e different distributions across STEM fields by different demographic groups;

e losses of intended majors from STEM and recruitment to STEM of non-STEM-
intending students; and

e use of multiple institutions and pathways during matriculation.

Box 2-3 provides an example of the complexity of the pathways for STEM degrees for
engineering.

THE COMMUNITY COLLEGE PATHWAY TO A STEM CREDENTIAL

Community colleges are accessible and affordable, serve a diverse population, and offer
a great variety of degree programs and pathways in STEM for high-skill as well as middle-skill
jobs. Yet, the research base on community colleges is more limited than that for 4-year
institutions. The data we reviewed indicated that community colleges play a substantial role in
addressing workforce needs and in further developing the talent pool of students who may later
obtain advanced STEM degrees.

Van Noy and Zeidenberg (2014) drew on the NCES BPS 2004 and 2009 surveys--which
included a nationally representative cohort of students who enrolled in postsecondary education
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for the first time in 2003-2004 in credit-bearing programs--to analyze the pathways of
community college students aspiring to earn a STEM credential. Focusing their analysis on the
characteristics of community college students who enroll in STEM programs, the authors
included both general STEM fields and specialized career-focused STEM programs. They
included biology, mathematics, engineering, physical sciences, computer and information
systems, engineering, and programs for engineering technicians, technicians, agriculture, and
science technologies.® The major focus of their analyses was on natural sciences, engineering,
technology and technician programs, and mathematics. The authors identified whether a student
was in a STEM program using BPS data on student majors collected through student interviews
and student transcripts.

Degree Programs

Community colleges play a significant role in STEM education. As noted earlier in this
chapter, 2-year institutions played an important role in 2012, when 2-year students accounted for
40 percent of all undergraduates across all fields of study (see Table 2-1). Van Noy and
Zeidenberg’s (2014) analysis of data on community college entrants in 2003—2004 found that
about half were enrolled at some time in a STEM field over the following 6 years.

Community colleges offer two major categories of STEM programs: science and
engineering programs (and a small number of mathematics programs) and technician programs.
The first set of programs are transfer programs, to prepare students to pursue study that usually
requires a bachelor’s degree or higher; the second set are occupational programs with the goal of
a credential, usually a certificate or associate’s degree. These programs provide an “on ramp” to
further science and engineering study, 2 years of preparation and access to an associate’s degree
in arts or sciences leading to transfer to a 4-year institution’s program of study. Although
technician programs can also lead to a degree (e.g., associate in applied science) and to transfer,
their primary goal is to develop the knowledge and skills required to directly enter the workforce.

Table 2-6 breaks down enrollment in community colleges by these various programs,
among students who ever enrolled in the 6 years after entry in 2003—-2004. As shown in Table 2-
6, about one-half of community college students enrolled in a STEM field, including science and
engineering (7%), technician programs (10%), social sciences (11%), and health professions that
required extensive science and mathematics coursework (23%).

Comparing enrollments by type of institution, 4-year colleges had higher representation
of students majoring in science and engineering than 2-year colleges, especially for biology and
engineering (Van Noy and Zeidenberg, 2014; see Figure 2-6). Conversely, 2-year colleges
outpaced 4-year colleges in enrollment of engineering technician and computer and information
sciences programs, reflecting the greater emphasis on workforce preparation programs in
community colleges. Students’ credential goals also reflected the different program orientation at
2-year and 4-year institutions. An associate’s degree or certificate was the goal of 35 percent of
the technician students, compared to 15 percent of the students in science and engineering
programs. Sixty percent of the technician students and 80 percent of science and engineering
students reported that their ultimate goal was to obtain a bachelor’s degree.

®They also looked separately at programs in the social sciences and health professions, as was done for 4-year
institutions (above), since the health professions have significant science and mathematics course requirements.
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Student Characteristics

Community college students in both science and engineering programs and technician
programs shared some characteristics that distinguish them from 4-year college students: they
were older and more likely to be first-generation college students; they were more likely to be
working while enrolled, and when working, to work more hours than those 4-year college
students who worked; and they were more likely to require developmental education (see Table
2-7). For the student populations at 2-year institutions, technician students were older than
science and engineering students, included more first-generation students, and were more likely
to take developmental courses than science and engineering students.

There were significant demographic differences in the students who enrolled in 2-year
and 4-year institutions (Van Noy and Zeidenberg, 2014). Hispanic students were more likely to
be enrolled in community colleges than in 4-year institutions in both STEM and non-STEM
programs. Among 2-year STEM aspirants, Hispanic, Asian, and female students were more
likely to be enrolled in science and engineering programs than in technician programs. Black
students constituted a larger share of those enrolled in technician programs (13%) than of those
enrolled in science and engineering programs (8%). Technician program enrollments were
overwhelmingly white and male. Women were less likely to be enrolled in technician programs
(24%) relative to the proportion enrolled in science and engineering (40%) or non-STEM
programs (62%).

Community colleges are more accessible to many students because of the cost of
attendance relative to that of 4-year institutions. The average price of attendance in the first year
among STEM students at community college was $6,896, in comparison with $18,885 for STEM
students at 4-year institutions (see Table 2-8). The expected family contributions for STEM
students at 4-year institutions were higher as well: $13,987 for 4-year STEM students and $9,748
for community college STEM students.

A related difference is in loans: as shown in Table 2-8, STEM students in 4-year
institutions were more likely to take out student loans while in college than students in
community colleges, 62 percent and 47 percent, respectively. They also had higher student loans
6 years after their initial enrollment: the average was $21,143 for 4-year students and $15,245 for
community college students.

Enrollment Patterns and Student Mobility

The enrollment patterns of STEM students at 2-year and 4-year institutions differed
greatly in the BPS sample analyzed by Van Noy and Zeidenberg (2014). As shown in Table 2-9,
STEM students at 2-year institutions were less likely than those in 4-year colleges to be enrolled
full time (33% and 68%, respectively), and they were less likely to have had continuous
enrollment with no dropouts (47% and 71%, respectively). On the other hand, students in
technician programs at 2-year institutions were more likely to attend only one institution (59%)
than students in science and engineering programs (33%).

Studies of all community college students, regardless of their field of study, have
illustrated connections between enrollment patterns and student outcomes. These studies reveal a
positive connection between continuous enrollment in community college, without multiple
breaks or movement across multiple institutions, and completion of a college credential (Crosta,
2014; Goldrick-Rab, 2006). These studies also found a positive association between enrollment
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intensity (the amount of credit hours taken each semester) and likelihood of transfer to a 4-year
institution, when transfer is the student’s goal.

The frequency of student “swirling”—movement between multiple institutions prior to
degree attainment—is about the same for both community college and 4-year college STEM
students.

About the same proportion of community college students are likely to switch into STEM
fields after initial enrollment as the proportion of entrants indicating a major in STEM, as shown
in Table 2-10. Possible explanations for this later entry include limited advising capacity of the
institution, indecision related to the lack of exposure to options, or the regular process of career
exploration (factors that are not unique to community college institutions and students). There
are consequences, to such delaying selection of a major, including extended time to completion
and increased cost (Van Noy and Zeidenberg, 2014). It is important to note that this analysis of
major decision making does not capture the major that students aspired to earn when starting
college, because this information is not captured in the BPS survey. Thus, the loss of STEM
aspirants prior to declaring a major is not represented in this analysis.

Community college STEM students switch out of STEM at a higher rate than 4-year
students in STEM majors (28% and 22%, respectively; for more details, see Table 2-10). They
also take more developmental courses, especially in mathematics, than students at 4-year
institutions (Van Noy and Zeidenberg, 2014). Students who switch fields of study move into a
range of non-STEM majors, including business, health professions, and education. There may be
at least two possible interpretations of these switches. Some students may discover that they do
not like the STEM program or have found a program that is a better match for their interests and
abilities: if so, their departure from STEM is not a negative outcome but rather part of the natural
process of exploration and discovery in college. Another interpretation is that some students have
negative experiences in STEM programs for which they are otherwise actually a good match: if
so, it would be a major concern. Existing research points to the fact that the culture of STEM
classrooms and departments are unwelcoming to many students, especially women and
underrepresented minorities (Ramsey et al., 2013; Seymour and Hewitt, 1997). Some
departmental, institutional, state, and federal policies may also serve to push students away from
attaining a STEM degree. We explore the effects of these and other barriers on student
completion of STEM degrees in Chapters 3 and 4.

Degree Attainment

Given students’ varied intentions and credential goals, Van Noy and Zeidenberg (2014)
warn against the sole focus on degree completion, cautioning that multiple measures of
community college STEM outcomes are necessary. As discussed in Chapter 1, students at 2-year
colleges may seek to earn a 2-year degree, transfer to a 4-year institution without earning a
degree, earn a certificate, or learn job-related skills. Thus, in addition to measures of credential
completion, other measures of transfer, credential attainment at other institutions, continued
enrollment, and employment are needed to assess community college student outcomes (Rassen
etal., 2013).

About 30 percent of STEM community college students had either earned a credential or
were still enrolled in STEM, and about 33 percent had either attained a credential or were still
enrolled in a non-STEM field (Van Noy and Zeidenberg, 2014; see Table 2-11). Of those who
left STEM, students in technician programs had a very different trajectory from those in science
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and engineering programs: for example, they were more likely to have left college without
completing any credential (41% in science and 27% in engineering). The lower rate of
completion among students in technician programs may be due to obtaining employment prior to
completing the requirements for a credential. Or it may be due to any number of negative factors,
such as insufficient money to proceed. Without reliable data on why students leave college prior
to completing a certificate or degree, it is not possible to gauge the success of these technician
programs.

In terms of degree outcomes, about 20 percent of STEM community college students
attained any STEM credential 6 years after enrollment (see Table 2-12). Sixteen percent of
science and engineering students and 7 percent of technician students completed STEM
bachelor’s degrees. In addition, 16 percent of all STEM students were still enrolled in STEM 6
years after initial enrollment (19% of science and engineering students and 14% of technician
students).

THE FOR-PROFIT SECTOR PATHWAY TO A STEM CREDENTIAL

The for-profit sector of postsecondary education differs from the nonprofit (public and
private) sector in three essential ways: finance, governance, and a market-driven focus. The
distinguishing feature of for-profit institutions is that they are businesses, ranging from small
family-owned activities to large corporate entities, which are run to generate revenues. These
institutions are accountable to investors and stockholders, as well as with state and federal
governments, and they have a strong customer service orientation (Ruch, 2001).° The for-profit
institutions have the capacity to move swiftly to meet market demand in growing STEM areas.

Degree Programs and Attainment

Many for-profit institutions offer certificates and nondegree training, and they also award
accredited associate’s, bachelor’s, and graduate degrees. They are usually accredited by a
national accreditor rather than the regional accreditors that service the nonprofit institutions
(Kinser, 2014).° Many offer credentials in STEM fields, often for middle-skills jobs (not
requiring a 4-year degree) for which growth is projected and student demand is high. Overall,
for-profit institutions award slightly less than half the number of STEM credentials awarded by
nonprofit institutions (both public and private), as shown in Table 2-13.

Across all types of postsecondary institutions, credentials in the health professions are the
most frequently awarded (Kinser, 2014; see Table 2-13). However, there are striking differences
between for-profit and nonprofit institutions in the concentration of programs of study and the
types of credentials awarded. First, more than 80 percent of the credentials awarded by for-profit
institutions are in health professions and related programs, compared with just over 50 percent of
the credentials awarded by public and private nonprofit institutions (Kinser, 2014). The for-profit
sector also awards large numbers of engineering, technology and computer and information
science credentials. Second, bachelor’s degrees make up a much smaller proportion of the total
STEM credentials awarded by for-profit institutions compared to nonprofit institutions (Figure 2-
7) (Kinser, 2014).

°See Kinser (2014) for a history, scope, and diversity of the institutions.
The data on for-profit institutions analyzed by Kinser come from NCES.
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Still, the numbers of graduates and scale of the for-profit sector are significant. In 2012,
for-profit institutions awarded around 35,000 bachelor’s degrees, 102,000 associate’s degrees,
and 257,000 certificates in STEM fields (see Figure 2-7). For-profit institutions offer many
online degree programs and internet course delivery that is convenient to different groups of
students, especially those who are working full-time. In 2012, the University of Phoenix online
campus—the largest postsecondary institution in the United States--awarded 20,798 STEM
credentials, mostly associate’s and bachelor’s degrees in the health professions. It has also added
new STEM fields of study (e.g., computer networking, security, and administration).

Student Characteristics

The for-profits train a diverse population of students who take varied pathways to a
STEM credential. In 2012, about half of all STEM credentials earned by black, Hispanic, and
native Hawaiian and other Pacific Islanders were from for-profit institutions (Kinser, 2014, see
Figure 2-8). For-profit institutions typically attract students whose goal is to “get in, get out, and
get a job.” Recent analyses by the U.S. Department of Education (National Center for Education
Statistics, 2015) indicate that, in the fall of 2013, students enrolled in for-profit institutions (both
2-year and 4-year and both full time and part time) were older than comparable students at
nonprofit 2-year and 4-year institutions. Earlier data suggest that the majority of students at for-
profit institutions work 35 or more hours per week (Ruch, 2001, p. 134).

According to the Institute for College Success and Access (2014), 88 percent of for-profit
students graduate with student debt (averaging $39,950), compared with 75 percent of private
nonprofit graduates (averaging $32,300) and 66 percent of public institution graduates
(averaging $22,550). Although most students at for-profit institutions are studying in programs at
the sub-baccalaureate levels, these data raise an important set of questions that remain
unanswered: Why do these students pursue a for-profit education in STEM fields even though
typically the costs are higher for them? Is it the promise of a job and short degree program or
convenience of an online education? How do these nondegree and degree holders fare in the job
market? Is the curriculum too narrow to allow movement from for-profit to nonprofit degree
programs? The answers to these questions could be instructive for nonprofit institutions working
on diversifying the STEM fields and possibly result in articulation agreements to align for-profit
with nonprofit postsecondary education curriculum and training goals.

SUMMARY

Students are taking more complex pathways to earning STEM credentials than is
generally assumed. They are likely to earn credits from more than one institution, to earn credits
at a community college, and to transfer among institutions.

STEM students are also different than they were 25 years ago. The students are
increasingly more likely to be from a minority group and to be single parents. The characteristics
of students vary greatly across STEM disciplines, with rates of minority and female participation
lowest in computer science, physics, and engineering.

The completion rates for students who aspire to a STEM degree remain lower than in
other fields. At both 2-year and 4-year institutions, completion rates are lower for students from
underrepresented groups compared to their white and Asian counterparts. Many students also
take longer than expected to complete their credential. In addition, the goals of STEM aspirants
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(e.g., earning a degree or certificate, transferring to a 4-year institution, or gaining a specific job
skill) and student populations vary across 2- and 4-year institutions. Thus, it seems important to
consider multiple factors (e.g., student goals, course completion, credit accumulation, time to and
credits to degree, retention and transfer rates, degrees awarded, range of access) along with
graduation rates when assessing the success of an institution.

The potential reasons for the low completion rates and differential rates across groups are
explored in the following chapters.
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FIGURE 2-1 Actual and projected undergraduate enrollment in degree-granting institutions by
level of institution: 1990-2024.
SOURCE: National Center for Education Statistics (2014, Table 303.70).
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NOTE: URM, underrepresented minority.

SOURCE: Eagan et al. (2014, Fig. 2).
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FIGURE 2-3 Percentage of first-time full-time undergraduates intending to major in STEM by

gender, 1971-2012.
SOURCE: Eagan et al. (2014, Fig. 4).
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FIGURE 2-4 Six-year enrollment and completion status of first-time full-time STEM aspirants
at 4-year institutions who began in 2004, by initial STEM field.
SOURCE: Eagan et al. (2014, Fig. 6).
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FIGURE 2-5 Cumulative percentage of 2004 STEM aspirants who completed STEM degrees in
4,5, and 6 years.
SOURCE: Eagan et al. (2014, Fig. 7).

Prepublication Copy Uncorrected Proofs 2-23

Copyright © National Academy of Sciences. All rights reserved.



Barriers and Opportunities for 2-Year and 4-Year STEM Degrees: Systemic Change to Support Students' Diverse Pathways

140,000
120,000 -
100,000 -
80,000 = Community
College
60,000
40.000 mFour-Year
: College
20,000
0
N . ) . o
¥ & ¢ v AP
¥ oV ¥ ¥ S
Science and Technician
Engineering Programs Programs

FIGURE 2-6: Number of students enrolled in STEM by program among 4-year and community
college students.
SOURCE: Van Noy and Zeidenberg (2014, Fig. 1).
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FIGURE 2-7 Number of degrees awarded in 2012 in STEM fields at public, private nonprofit,
and private for-profit institutions.
SOURCE: Kinser (2014).
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SOURCE: Kinser (2014)
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TABLE 2-1 25-Year Changes in the Undergraduate Student Population at 2- and 4-Year
Institutions, in percent

Student Characteristics 1987 2012
Aged 25 and Older 37 40
Enrolled in 2-Year Institutions 43 40
Enrolled Part Time 42 50
Minority 20 42
Employed Part-Time * 40
Employed Full-Time 26 27
Parents 20 26
Single Parent 7 15
Women 54 57

SOURCES: Data from Digest of Education Statistics (National Center for Education Statistics,
1990) and U.S. Department of Education, Integrated Postsecondary Education Data System
(National Center for Education Statistics, 2012).

*Part-time employment data were not available in 1987.
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TABLE 2-2 Student Characteristics and Precollege Preparation across STEM Disciplines and Social Sciences, in percent

Math/
Biological Health Computer Physical Social
Sciences Engineering Professions Science Science Science
Student Characteristics (15,338) (15,727) (17,444) (3,850) (4,140) (20,763)
Gender
Men 40 79 25 75 57 30
Women 61 21 75 25 43 70
Race
American Indian <1 <1 <1 <1 <1 <1
Asian 14 13 9 16 10 7
Black 8 6 10 8 5 10
Latino 9 9 9 8 6 14
White 54 59 59 53 65 53
Other 15 13 13 15 14 15
Income
Below $50K 30 25 34 32 26 38
$50K-$100K 30 32 34 31 34 29
Above $100K 40 43 32 37 40 33
Mother’s Education
No college 26 23 32 27 22 31
Some college 16 15 18 16 16 17
College degree or higher 59 62 51 58 62 52
Precollege Preparation
HS GPA: A-or higher 62 62 50 55 64 45
Years of HS math: 4 or more 92 94 87 92 92 84
Years of HS physical science: 3 or more 29 39 27 33 50 28
Years of HS biological science: 3 or more 29 12 23 13 16 18
Completed calculus 39 51 25 45 45 24
Completed AP calculus 42 60 21 51 50 22

NOTES: AP, advanced placement; GPA, grade point average; HS, high school. SOURCE: Eagan et al. (2014, Table 2).
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TABLE 2-3 Cumulative percentage of STEM aspirants at 4-year institution who completed a

STEM degree in 4, 5, or 6 years after entering college in 2004 (N = 56,499)

Discipline and Completion Time Men  Women

4-Year STEM 21 23
5-Year STEM 37 34
6-Year STEM 43 38
4-Year Engineering 15 20
5-Year Engineering 34 40
6-Year Engineering 40 43
4-Year Biomedical Sciences 23 22
5-Year Biomedical Sciences 32 32
6-Year Biomedical Sciences 34 34
4-Year Physical Sciences 23 23
5-Year Physical Sciences 31 27
6-Year Physical Sciences 33 28

SOURCE: Eagan et al. (2014, Table 4).
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TABLE 2-4 Cumulative percentage of STEM Completion by Minority-Serving Institution Status

(N=56,499)
Cumulative Completion Rate
Student Population Served 4Years 5Years 6 Years
Predominantly White Institutions 23.7 38.0 42.6
Historically Black Colleges and 8.0 15.6 19.3
Universities
Hispanic-Serving Institutions 10.0 22.2 28.6
Emerging Hispanic-Serving 26.7 44.1 47.5
Institutions

SOURCE: Eagan et al. (2014, Table 5).
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TABLE 2-5 Cumulative Percentage of STEM Completion by Mobility Status

Cumulative Completion Rate

Kind of
Mobility 4Years 5Years 6 Years
Reverse Transfer

1 3 6
Lateral Transfer

6 17 24
Concurrent Enroliment

17 31 36
All Students

22 36 41

NOTE: The completion rates are cumulative.
SOURCE: Eagan et al. (2014, Table 8).
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TABLE 2-6 Community College Enroliments by Program, Ever-Enrolled in the Six Years after

College Entry among First-time Students Who Began College in 2003-2004

Number of Percent of
Students Students

Science & Engineering Programs

Total Science and Engineering 109,592 6.6
Biological and Biomedical Sciences 42,152 2.6
Engineering 34,530 2.1
Physical Sciences 23,776 1.4
Mathematics and Statistics 9,134 0.6

Technician Programs

Total Technician 167,829 10.2
Engineering Technologies 43,631 2.6
Computer and Information Sciences 101,264 6.1
Science Technologies/Technicians 5,357 0.3
Agriculture 17,577 1.1

Closely Related Programs

Total Health Professions and Related Programs 372,721 22.6

Total Social Sciences 175,397 10.6

Non-STEM

Total non-STEM 824,390 50.0

TOTAL 1,649,929 100

SOURCE: Van Noy and Zeidenberg, (2014, Table 1)
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TABLE 2-7 Characteristics of STEM Students at 2- and 4-Year Institutions, in percent

2-Year Students 4-Year Students
Student All Science and Non-
Characteristics STEM Engineering Technician STEM STEM Non-STEM

Race/Ethnicity

White 65 61 68 60 67 71
Black 11 8 13 15 9 10
Hispanic/
Latino 14 15 12 16 9 10
Asian 6 11 4 4 9 5
All other 4 5 4 5 5 5
Female 30 40 24 62 37 62
Pell Grant
Recipients 26 24 27 29 26 28
First-Generation
College
Student 68 62 72 73 38 46
Disabled 12 10 14 11 7 8
Age
18-22 72 83 66 65 95 92
22-40 23 16 27 26 4
40+ 5 1 8 8 0
Average Age at 22 20 23 24 19 20
Enroliment
Dependent
Children 17 12 19 26 2 5
Veteran 4 1 6 3 1 0
Working While
Enrolled 76 78 74 78 55 62
Average Hours
Worked (of those 30 28 30 30 19 21
working)
Developmental Education in First Year
Any 69 64 72 68 31 39
Math 59 56 61 59 23 31
English 14 13 15 18 6 8
Reading 15 15 16 19 4 6

SOURCE: Van Noy and Zeidenberg (2014, Table 3).
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TABLE 2-8 Financial Characteristics of STEM Students at 2- and 4-Year Institutions

Students at 4-Year

Students at 2-Year Institutions Institutions

Financial All Science and Non- Non-
Characteristics STEM  Engineering Technician STEM STEM STEM
Price of attendance in

first year $6,896 $6,807 $7,219 $6,601  $18,885  $17,957
Expected family

contribution in first
year $9,748 $10,079 $9,105 $8,241  $13,987  $13,045
Percentage with student

loans after 6 years 47% 45% 52% 40% 62% 64%
Average student loan

among those with

loans after 6 years $15,245 $14,163 $17,007 $13,438 $21,143  $21,042

SOURCE: Van Noy and Zeidenberg (2014, Table 4).
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TABLE 2-9 Enrollment Patterns of STEM Students, by Subfield, at 2- and 4-Year
Institutions, in percent

Students at 2-Year Institutions Students at 4-
Year Institutions
All Non- Non-
Enrollment Patterns STEM Scienceand Technician STEM STEM  STEM
Engineering
Average Enrollment Intensity
Always Full Time 33 36 32 27 68 65
Always Part Time 13 8 15 22 1 2
Mixed Part Time and Full
Time 53 55 53 51 31 33
Constancy of
Attendance/Number
of Stopouts
0 47 49 46 50 71 72
1 41 43 39 35 22 21
2+ 12 8 15 15 7 7
Institutional Attendance
Attend Only One Institution 49 33 59 62 75 74
Traditional Transfer 25 41 16 19 NA NA
Attend Multiple Institutions,
Swirling 26 26 25 19 25 26

SOURCE: Van Noy and Zeidenberg (2014, Table 5)
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TABLE 2-10 Major Decision Making among STEM Students, in percent

Community College 4-Year College
Major Decisions All Scienceand  Technician All STEM

STEM Engineering

Timing of Entry into STEM

Enter STEM at Initial Enroliment 51 53 51 62
Switch into STEM after First Year of 49 47 49 38
Enrollment

Switch out of STEM to a Non-STEM Major 28 27 28 22

SOURCE: Van Noy and Zeidenberg (2014, Table 6).
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TABLE 2-11 Community College Student Completion and 6-Year Retention Rates, in

percent
Outcome All STEM Science and Technician
Engineering
Attained Credential or Still Enrolled in STEM 30 33 30
Attained Credential or Still Enrolled in Non- 33 39 29
STEM
Dropped Out without Credential 37 27 41
SOURCE: Van Noy and Zeidenberg (2014, Table 7).
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TABLE 2-12 Six-Year Outcomes for Community College STEM Students, in percent

Outcome All  Scienceand Technician
Engineering
Attained STEM Credential
Any Credential 19 21 20
Bachelor’s 10 16 7
Associate’s Degree or Certificate 9 5 13
Still Enrolled
At Any Institution 16 19 14
At Community College 7 6 8
At 4-Year College 8 13 6

Transferred to 4-Year College in STEM Program
25 37 19

NOTE: Students may be included in more than one category; students who transferred
may also be counted as attaining a STEM credential or still enrolled in a STEM program.
SOURCE: Van Noy and Zeidenberg (2014, Table 8)
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TABLE 2-13 Completions in STEM Fields

Private Private
Fields Public Nonprofit For-Profit
Health Professions and Related
Programs 401,479 97,544 330,964
Computer and Information
Sciences and Support Services 64,906 15,462 38,597
Engineering Technologies and
Engineering-Related Fields 59,952 4,361 26,088
Engineering 68,353 20,049 382
Biological and Biomedical 72,452 32,122 201
Sciences
Science Technologies/Technicians 3,514 188 100
Physical Sciences 23,040 9,021 27
Mathematics and Statistics 15,976 7,811 1
TOTAL 709,672 186,558 396,360
SOURCE: Kinser (2014).
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BOX 2-1
Precollege Factors that Influence Student Pathways to
2- and 4-Year Engineering Degrees

Although this report focuses on undergraduate education at 2- or 4-year
institutions and does not attempt to address precollege preparation, young people face
many challenges bridging precollege course work and experiences and their initial foray
into studying a STEM discipline. Engineering has some unique barriers to attracting and
retaining undergraduate students that merit mention.

Many students select engineering as a major without actually knowing what
engineering is. This lack of understanding is not specific to students: Changing the
Conversation (National Academy of Engineering, 2008) documented that engineering as
a field is not well understood by the general public. Engineering is starting to be
incorporated into statewide K-12 standards and is also being introduced into some K-12
curricula and extracurricular programs. However, the implementations vary widely. In
some states, engineering is embedded in science standards; in others, it is part of new
standards that cover engineering and technology. In some schools, it is taught by science
teachers; in others, by technical education teachers. In most schools, it is taught by
teachers who have had no formal training in engineering.

Against this backdrop, students sometimes face a mismatch between their
expectations and what they find when they enter an engineering program. Confronted
with difficult “gatekeeper” courses in the first year of college, they often lack the bigger
picture that might encourage them to continue. The other significant challenge is that
many engineering programs require high school students to apply directly into a specific
engineering discipline (e.g., mechanical engineering), which requires a level of
knowledge and exposure that most U.S. high school students probably do not have.
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BOX 2-2
Data Limitations

Three federal major statistical sources provide nationally representative
information on undergraduate STEM education: the Integrated Postsecondary Education
Data System of the National Center for Education Statistics at the U.S. Department of
Education; the National Center for Science and Engineering Statistics of the National
Science Foundation; and the American Community Survey on Educational Attainment
from the U.S. Census Bureau. These statistical sources provide a wealth of critical
information about undergraduate education at 2- and 4-year institutions in general and
about undergraduate STEM education in particular. Yet these sources only collect a
limited amount of data related to the committee’s tasks. Some of the limitations of these
sources were overcome by using nonfederal data sources, such as the Cooperative
Intuitional Research Program (CIRP) Freshman Survey and the National Student
Clearing House.

Overall, however, our analysis was constrained by several factors:

e Representative data only exists on full-time, first-time students.

e Information on intended major when students are first enrolled is only
available for students at 4-year institutions.

e Data on the quality of students’ educational experiences is very limited.

e Data on who teaches college courses--that is, their training or
qualifications--are no longer collected.

e Degree completion data only span 6 years.

e Data are not available on subgroups among Hispanics and Asian
Americans.

e The sample sizes are sometimes too small for meaningful analysis for
groups such as Native Americans, first-generation students, veterans, and
students with disabilities.
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BOX 2-3
Engineering Pathways

Education for the profession of engineering is a complex endeavor, with students
learning mathematics, science, design, and concepts from the social sciences and
humanities, as well as a range of professional skills. Engineering programs vary in terms
of their emphasis on engineering science, experiential education, design, and involvement
in research. While some programs are innovative and provide cutting-edge education to
their students, others rely on approaches to teaching that have been used for decades
(Sheppard et al., 2008). There is also an acknowledged gap between the spectrums of
pedagogies and learning environments that engineering educators say they value and
those that are currently being practiced (American Society for Engineering Education,
2012). Here we provide a description of some of the complex issues that arise in 4-year
engineering pathways and the overarching issues they raise.

Progress toward degrees in engineering programs is affected by both admissions
policies and curricula. At some universities, students apply to engineering at the end of
their sophomore year. However, it is more common to admit students to engineering at
the time they are admitted to the university, and even more common to admit them to a
specific major within engineering. Therefore, even at universities that have fairly flexible
entry points for other majors, engineering students may be “behind” if they do not start
the engineering curriculum in their first term of college or if they struggle in their first-
year courses. However, this appears to manifest itself in time to degree and migration
rates for students into engineering, rather than in retention rates. As shown in Figure 2-4,
the persistence of students in engineering-- measured by the percentage of students who
start in engineering and are still enrolled in engineering in their eighth semester--is higher
than for other STEM and non-STEM disciplines (Eagan et al., 2014; Ohland et al., 2008).
In contrast, the rate of migration into engineering programs is less than for other
disciplines: only 7 percent of eighth-semester engineering students migrated into
engineering, compared with 30-60 percent in all other majors (Ohland et al., 2008). The
net result is therefore a decline in the number of engineering students between admission
and degree completion. This lack of migration into engineering highlights the important
role that initial choice of major plays for undergraduate engineering students and suggests
that creating new entry points might increase overall completion rates.

The structure of engineering curricula may play a role in retention in the
discipline, as well as the experience for students. Research shows that retention in
engineering from the first year to the second year increases when a lecture-based
“Introduction to Engineering” course is replaced with a hands-on course in which
students do team-based projects in the context of “real” engineering problems, which can
range from toy design to industry-based projects to community solutions to grand
challenges (Freeman et al., 2014; Hoit and Ohland, 1998; Lichtenstein et al., 2014).

The introductory engineering course grows in importance because it is often the
only engineering course that students take early in their college careers. A majority of the
first-year required courses in an engineering plan of study are in math and science; few
are taught within a college of engineering. In some programs this absence of engineering-
specific courses extends through the sophomore year. Students may therefore spend 1-2
years majoring in engineering without getting a sense of what engineering courses will be
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like. Compounded with the gatekeeper role that first-year math courses often play,
engineering students can find themselves struggling, yet without a compelling picture of
why they are studying engineering.

There has been a consistent push to increase the amount of knowledge and
number of skills expected from an undergraduate engineering education (e.g., National
Academy of Engineering, 2004). This push has led to requirements for a large number of
courses, with credit hours often higher than required in other disciplines and curricula
that are sparse in free electives. In turn, this has led to growing conversations around the
question of how students will learn all that is needed for 21st-century careers. Would
repositioning engineering as a 5-year degree (see National Academy of Engineering,
2005) relieve some of the pressure on students or would it deter students from selecting
engineering? Would redefining the bachelor’s degree in engineering to be a “pre-
professional” degree, similar to pre-med or pre-law (see, e.g., the Raise the Bar initiative;
Russell and Lenox, 2013), increase interest or discourage students who don’t want to
commit to graduate study?

One of the ways in which the field has responded to the increasing expectations
for engineering graduates has been to increase the curricular emphasis on design,
problem-based learning, and experiential education. These are proving to be effective
means of teaching both technical content and broader skills (Dym et al., 2005; Freeman et
al., 2014; Lichtenstein et al., 2014; Sheppard et al., 2008; Smith et al., 2005). The
outcome is programs that connect education with “the real world” through such activities
as internships, service learning, research experiences, design competitions,
entrepreneurship experiences, and study abroad.

Student pathways can vary substantially across the colleges and universities
throughout the United States. The Academic Pathways Study, an in-depth exploration of
engineering student experiences, found that these variations stem from many factors that
provide both opportunities and challenges for students (Atman et al., 2010) The
Academic Pathways study and other research (e.g., Lichtenstein et al., 2009; Sheppard et
al., 2014) indicate that, on the positive side, graduating students are on the path to
establishing their identities as engineers. They have obtained an important set of
knowledge and skills, including the ability to apply concepts from mathematics and
science to solve problems. They have learned to take on substantial engineering design
challenges. And they have gained confidence in the kinds of professional and practical
skills they will need on the job.

However, challenges also exist. Some students report heavy workloads in a
competitive environment, which can be a substantial source of stress for them (Atman et
al., 2010). Upper-level courses often include a focus on group projects and teamwork.
Although this is becoming more common in first-year engineering courses as well, this
can be a rough transition for students at institutions at which early courses still emphasize
more traditional individual problem solving. A survey of engineering faculty (American
Society for Engineering Education, 2012) indicates that, although there are many
innovations in engineering education, a majority of faculty are far more comfortable with
long-standing learning environments--such as labs, industry internships, research
experiences, and competitions--than they are with newer approaches, such as service
learning, entrepreneurship, and international experiences. It is therefore perhaps not
surprising that many students report feeling ill prepared to incorporate broad contextual
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issues, including global and societal issues, in engineering problem solving. There is little
room in crowded curricula for students to take advantage of study abroad programs or to
study a second language. Moreover, students from underrepresented groups, including
women, report different experiences than majority students, even though they are in the
same classes (Atman et al., 2010). These differences can lead to lower confidence and an
increased sense of work overload compared with males and majority students (Atman et
al., 2010; Ohland et al., 2008).

In response to these challenges, Changing the Conversation (National Academy
of Engineering, 2008) recommended that, as a field, engineering should talk less about
the skills needed to be an engineer and more about the impact that engineering has on the
world. This recommendation continues to be relevant in both recruiting and retaining
students in engineering (National Academy of Engineering, 2008, p. 5): “From research
to real-world applications, engineers constantly discover how to improve our lives by
creating bold new solutions that connect science to life in unexpected, forward-thinking
ways... We are counting on engineers and their imaginations to help us meet the needs of
the 21st century.”
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3
Why Students Enter, Stay, or Leave: The Culture of Undergraduate STEM
Education

Major Messages

e The culture of STEM education has an effect on many students’ interest, self-concept, sense
of connectedness, and persistence in these disciplines.

e New research is needed to understand whether STEM *“gateway” courses continue to
negatively impact STEM student persistence due to the culture of the classrooms and a heavy
reliance on lectures, as research from over a decade ago has revealed.

The complex array of pathways that students take to science, technology, engineering,
and mathematics (STEM) degrees is not easily navigated, and students sometimes encounter
barriers along the path to earning a degree. The environments they encounter when they begin
college may not be welcoming, and the teaching may be uninspired. Barriers also result from
departmental, institutional, and national policies. They may find themselves inadequately
prepared for the rigor of college coursework or they may face stereotypes from faculty or peers.
Students may encounter these barriers in classrooms and in other aspects of campus life. In this
chapter, we address the barriers that students encounter related to the culture of STEM
education: that is, the shared patterns of norms, behaviors, and values of STEM disciplines that
manifest themselves in the way courses are taught and the classroom is experienced. We explore
barriers related to instructional quality and policy barriers in the following chapters. By
“culture,” we mean the explicit and implicit customs and behaviors, norms, and values that are
normative within STEM education (National Research Council, 2009). It is important to focus on
the culture of STEM education because the social, psychological, and structural dimensions of
STEM education in colleges and universities influence how students connect their personal
identities to their academic domains and view themselves as learners in those domains (their
academic identities), which subsequently affects their efforts and achievement (Cabrera et al.,
1999; Eccles et al., 1998; Reid and Radhakrishnan, 2003; Perez et al., 2014). The academic
climate that individual students experience in college—their perceptions of interpersonal
interactions and norms—is a manifestation of the college culture and one factor that influences
student performance, engagement, and persistence outside of what would be predicted by
socioeconomic or academic preparation indicators (Chang et al., 2011).

The importance of culture cuts across all institution types and pathways to STEM
credentials. College campuses and the STEM departments and programs in them represent
distinct types of organizational settings, with cultures created and perpetuated by physical
structures, policies, underlying values, and social norms that guide their functioning. The
cultures that students experience shape their awareness and understanding of standards,
expectations, and their belonging. For example, the small numbers and limited examples of black
professionals in such fields as geosciences might lead to perceptions by those in the field that
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reinforce the belief that “black people don’t do geology.” Similarly, in traditionally male-
dominated professions, such as engineering, women may need to overcome explicit and subtle
cultural messages that men are better suited for such professions (Cech and Waidzunas, 2011).
The cultures that male and female students from all backgrounds, races, and ethnicities encounter
while they study STEM can undermine or support their performance and persistence through
their self-concepts and beliefs specific to the STEM domain and their feelings of community and
belonging in STEM fields. In this chapter we focus on how the culture of STEM education
impacts women and underrepresented students because of the concerns about participation of
students from these groups in STEM fields and because students from these groups are typically
the subject of research on the effect of the culture of STEM education.

The relationship between institutional or disciplinary culture and race, ethnicity, and
gender is especially relevant in STEM fields, where racial and ethnic minorities and women are
even more underrepresented than they are in most other fields (Anderson et al., 2006; National
Research Council, 2011). For historically underrepresented students, views of the way race,
ethnicity, and gender function in their college environment are especially important in their
social and academic adjustment (Reid and Radhakrishnan, 2003). Experiencing a college culture
with a hostile or unwelcoming racial environment has been related to social and academic
withdrawal (Cabrera et al., 1999; Hurtado et al., 1998; Yosso et al., 2009), academic and social
isolation (Allen, 1988; Fleming, 1984; Nettles, 1988; Ali and Kohun, 2006; Strayhorn, 2010a,
2012), and a host of other negative consequences (see below). In situations where students are
underrepresented—as the only woman or Hispanic person in a class or department, for
example—their social identities are more salient to both minority and majority group members
(Hurtado et al., 1996). The value of cultivating diversity in science is described in Box 3-1.

WAYS OF KNOWING AND DISCOURSE IN STEM EDUCATION

As described in a previous National Research Council (2009) study, conceiving of culture
as shared repertoires of practices sometimes leads researchers to refer to membership in almost
any type of group as membership in a culture. This conceptualization of culture is highly relevant
to undergraduate STEM education, which prepares students to become members of a group:
professional scientists, technologists, engineers, or mathematicians. Thus, STEM learning can be
viewed as a cultural process in which the practices and assumptions of STEM education reflect
the culture, cultural practices, and cultural values of STEM professionals (National Research
Council, 2009). From this perspective it is not surprising to find that a STEM educator’s notion
of what counts as scientific reasoning and sense-making practices reflects those that are valued
and used by STEM professionals (Ballenger, 1997).

An educator’s notion of what counts as scientific reasoning and sense-making can
become a barrier for some STEM aspirants. For example, the discursive norms in STEM
classrooms around debate and argumentation with student peers and instructors may not reflect
students’ own prior experiences and norms in their communities and schools (Brown, 2004;
Kurth et al., 2002). An example is the idea of argumentation with an elder, which is not seen as
acceptable behavior in some communities. Similarly, researchers have characterized the
language of STEM as reflecting white, middle-class, masculine norms, which may be at odds
with norms of expression more likely found among women and students from historically
underrepresented groups (Brandt, 2008; Lemke, 2001; Olitsky, 2006); this disconnect can
prevent them from identifying with STEM (Carleone and Johnson, 2007; Olitsky, 2006; Ong,
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2005).

In other cases, students must first recognize and then negotiate and reconcile differences
between their culturally based epistemological beliefs and those of mainstream science contexts,
which may be invisible to instructors or be perceived as resistance or disengagement (Nelson-
Barber and Estrin, 1995). This barrier is particularly salient for Native Americans and Alaska
Natives, whose ways of knowing and views of the natural world often diverge from those present
in STEM classrooms (Aikenhead, 1998; Bang et. al., 2007; Cobern and Aikenhead, 1998).
Native American and Alaska Native students may be marginalized by STEM instruction that
portrays scientific ways of knowing as free from value and above the influence of context,
because such instruction is at odds with their cultural self-identity (Aikenhead and Ogawa,
2007). In fact, Aikenhead (2001) argues that only a small minority of students have world views
and self-identities that align with the ways of knowing frequently conveyed in STEM
classrooms.

A barrier that many students experience within the normative culture of STEM includes
the view that inherent or natural ability determines a person’s capacity for STEM learning, more
so than other subject domains (Crisp et al., 2009; Dai and Cromley, 2014; Smith et al., 2013). A
belief that natural ability determines capacity for STEM may vary by field. Recent research has
shown that the extent to which professionals in STEM fields believe that innate talent is required
for success is a strong predictor of representation of women and blacks in that field (Leslie et al.,
2015). Fields where professionals believe innate talent is necessary tend to have fewer women
and minorities. The overall message conveyed is that success in STEM fields requires either
natural ability in math or science or very early exposures to high-quality training. Related to this
view is the tendency for introductory mathematics and science courses to function as gatekeeper
courses that discourage students from continuing to pursue a STEM degree: see Box 3-2 for a
detailed discussion of mathematics. Although practices and structures may vary across
institutions and STEM departments, there are concerns that STEM gateway courses are
characterized by a culture of highly competitive classrooms that do not promote active
participation. The implied goal of these courses is to distinguish between those believed to have
the ability to succeed in STEM from those who do not, and “select out” the latter (Crisp et al.,
2009; President’s Council of Advisors on Science and Technology, 2012). In such settings,
students from historically underrepresented backgrounds may be particularly likely to experience
low expectations exacerbated by bias and small numbers of students from their group (their
token status) in the field. Empirical support for these concerns is limited to a small number of
studies with a limited sample and data from the mid-1990s (Gainen, 1995; Seymour and Hewitt,
1997). Additional studies of the nature of instructional strategies and the classroom culture are
needed to determine if the continued criticism of these courses is warranted.

BELIEFS ABOUT ABILITY TO LEARN STEM

Increasingly, studies of college students have linked students’ beliefs about their
academic ability in STEM to their STEM performance and persistence (Carleone and Johnson,
2007; Chemers et al., 2011; Perez et al., 2014; Williams and George-Jackson, 2014). Emerging
research illustrates how negative ability cues and stereotypes in college can be overcome.

Ability cues (signals of what ability is, who has it, and who does not) are commonly
conveyed in academic settings and are embedded in their structures and practices. These cues
can influence students’ views of their own ability. Research on implicit beliefs about ability
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show that students who think of ability as fixed respond to academic settings in different ways
than those who think of ability as malleable (see, e.g., Dweck and Leggett, 1988). Students with
fixed beliefs about ability are more likely to avoid challenging tasks and to view challenge as
more threatening to their self-concepts. They are more likely to respond to challenge or failure
by feeling helpless, avoiding help-seeking, and ultimately, disengaging. In contrast, students who
view ability as malleable view failures as opportunities to learn, are persistent in the context of
challenge or failure, and are more likely to seek help (Dweck, 2000). Thus, believing that ability
in STEM can improve with learning and effort is related to positive motivational responses and
performance outcomes (Dai and Cromley, 2014). In fact, Dia and Cromley (2014) have shown
that increases in fixed beliefs following entry into STEM courses predicted dropout in biology,
beyond a student’s grade. The increases in fixed beliefs were found to be associated with
messages conveyed in gateway courses. The authors argue that the structure of the curriculum
and instructional strategies are associated with changes in students’ mindsets, thus, leading to
engagement (with decreases in fixed beliefs) or disengagement (with increases in fixed beliefs).

Multiple studies have shown significant positive effects of interventions that target
students’ beliefs about their ability to succeed in STEM by suggesting that the causes of low
grades are unstable (i.e., related to effort rather than ability) (reviewed in Snipes et al., 2012). For
example, in an intervention developed by Wilson and Linville (1985), some struggling first-year
college students were shown videos of college seniors discussing how their grades were low in
their first year but had improved over time through hard work (Snipes et al., 2012). There is
evidence from a number of studies that students who were randomly assigned to such
interventions do better on both short-term and long-term performance measures. While there are
a number of promising interventions and tools, there are questions regarding how to take the
interventions and tools to scale. In particular, more research is needed to flesh out the
interactions among target populations, educational contexts, and instructional strategies (Snipes
etal., 2012).

Negative race and gender stereotypes about ability are particularly salient in STEM fields
and may convey signals around the inherent or fixed nature of ability. For instance, research has
noted the “undervaluing” of females and minorities in STEM, with lower expectation of their
presence among geniuses (Hyde and Mertz, 2009). Thus, in STEM fields, underrepresented
minorities and women may be particularly vulnerable to disengagement (leaving a STEM field
of study) due to beliefs about their ability to succeed in STEM, even when accounting for prior
academic preparation (Litzler et al., 2014).

These common stereotypes can be overcome, however. In one study (Aronson et al.,
2002), students who received explicit messages in classroom settings around the incremental
nature of ability (that it can improve over time with instruction and practice) at the beginning of
their academic term showed greater academic enjoyment and engagement and higher
performance at term’s end than did students who did not receive such instruction. The positive
relationship between messages and students’ outcomes was observed for all students in the study
with the strongest effects among black students. Thus, academic climates that emphasize
learning, mastery, and improvement in math and science, rather than inherent ability, can
promote both performance and persistence in those subjects through positive effects on students’
self-beliefs. This effect may be especially strong for historically underrepresented groups, for
whom negative academic stereotypes may be present in both subtle and overt ways in their day-
to-day academic lives.
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COMMUNITY BELONGING AND STEM EDUCATION

In addition to self-beliefs, students’ connections to their campus communities can
enhance their academic engagement and, subsequently, students’ identification with their
discipline, including their positive affect (feelings) toward the discipline (Fleming, 1984; Good,
2012; Hurtado et al., 2008; Johnson, 2011, 2012; Ko et al., 2014; Locks et al., 2008; London et
al., 2014; Palmer et al., 2011). Connection to community covers both a sense of belonging to an
academic setting (an institution, a department, or subgroups within them) and a psychological
sense of community (a broader connection to the discipline or field area).

One study of an introductory electrical engineering class at a major university in the
Northwest (Lee et al., 2006) found that positive affect and positive relationships with others were
correlated with positive classroom experiences. The study also found that students with positive
classroom experiences had a more positive career outlook. In contrast, students who do not
experience a sense of community or belonging in STEM fields are more likely to leave STEM
majors (Smith et al., 2013). Women report that “isolation” is a primary reason for their choice to
leave science, technology, and engineering (Brainard and Carlin, 1998; Hewlett, et al., 2008).
Also, women’s ambivalence about their belonging in computer science has been linked to their
low level of participation in the field (Wolcott, 2001; Cheryan et al., 2009).

RACIAL AND GENDER STEREOTYPES AND BIASES IN STEM EDUCATION

A host of psychological and educational research studies provides clear evidence that
stigmatizing experiences—in the form of interpersonal discrimination—are a common
occurrence for many racial and ethnic minority students, especially those in predominantly white
college and university settings (see, e.g., Chang et al., 2011). This also occurs for women in
STEM fields in which they are underrepresented (Brainard and Carlin, 1998; Hughes, 2012;
Ramsey et al., 2013; Reyes, 2011). These experiences are a source of educational inequity as
they negatively affect the quality of many of these students’ social and academic experiences
(Chang et al., 2011). These negative experiences can lead to a decreased sense of connectedness
and community within students’ academic settings.

When individuals perceive that negative stereotypes about their group are salient in a
particular situation or context, they experience “stereotype threat” (Steele, 1997). The “threat” is
represented by individuals’ apprehension that they may be viewed in ways that are consistent
with group stereotypes. Numerous studies have demonstrated that stereotype threat negatively
affects performance on academic tasks (e.g., Aronson and Salinas, 1997; Gonzales et al., 2002;
McKay et al., 2002; Schmader and Johns, 2003; Steele and Aronson, 1995). Under repeated
stereotype threat conditions (i.e., typical day-to-day academic contexts in which stereotypes are
often salient), students may respond by psychologically disconnecting their personal identity
from the academic domain (academic dis-identification). In doing so, students may come to
minimize attributes and behaviors necessary for success in their educational domain and develop
personal identities in areas outside of that domain (Cokley, 2000; Crocker and Major, 1989;
Osborne, 1997, 1999; Steele, 1997). Although this coping response may help protect students’
self-concept, it undermines the motivation and engagement necessary for positive performance
and persistence in an academic domain. For instance, it is possible that repeated exposure to
stereotype threat in STEM courses among underrepresented students who intend to earn a STEM
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degree leads these students to “dis-identify” with STEM while at the same time retaining their
connections to education and college more generally. In doing so, they still may be successful in
attaining a college degree in another major area, but they would be less likely to attain STEM
degrees or aspire to pursue STEM graduate degrees or careers.

In addition to indirect messages about ability and belonging embedded in academic
cultures in higher education, there is evidence that underrepresented students—relative to their
majority peers—commonly encounter more overt stigma experiences. Those experiences have
been characterized as microaggressions, from instructors, peers, administrative staff, and other
staff. These microaggressions are subtle or overt statements and behaviors that intentionally or
unintentionally communicate devaluing messages about a group, including expressed low
expectations (e.g., Fries-Britt and Griffin, 2007; Hurtado et al., 2011; Nadal et al., 2014,
Solorzano et al., 2000; Yosso et al., 2009). Experiences of microaggressions can lead to feelings
of invisibility: students feel as if they are viewed only in terms of stereotypes rather than in terms
of their unique identities and characteristics (Franklin and Boyd-Franklin, 2000). For example, in
one study (Smith et al., 2011), black male students who experienced stereotype-based treatment
in their daily college contexts (e.g., being treated as intellectually inferior or as criminally
deviant) were more likely to have feelings of isolation on campus that inhibited their academic
performance.

An equally insidious phenomenon is the “benign racism” or “benign sexism” that can
occur in mentoring, referred to as the “mentor’s dilemma” (Cohen et al., 1999). This dilemma
refers to faculty who are mentoring students across “cultural lines.” In such cases, faculty
members are less likely to provide tough, specific feedback to minority students due to concerns
about appearing biased. Instead, faculty members may over-praise performance or effort and
provide vague feedback in attempts to affirm students and convey a supportive environment or to
“protect” students’ self-esteem. Often these actions reflect faculty’s implicit biases, based in
negative cultural stereotypes about ability. Consequently, underrepresented students do not
access and benefit from the same high-quality feedback as do other students. In both cases,
students’ experiences signal perceptions of their low ability in ways that can undermine their
self-concept and subsequent engagement. Unfortunately, these experiences can serve to
undermine students” own views of their ability and make them feel less valued, and
subsequently, less connected to their academic settings. The experiences of female students from
underrepresented minority groups are discussed in Box 3-3.

Changes to departmental or institutional culture can make a difference. A recent study
(Ramsey et al., 2013) compared women in STEM departments characterized by welcoming
versus traditional (unwelcoming) cultures for women. The welcoming cultures were
characterized by more positive, visible messages about women in STEM, more women
identifying in STEM in visible ways (carrying or wearing markers of STEM majors), and more
peer role models. The women in the welcoming climate had fewer concerns about whether they
would succeed and increased STEM identification. This research demonstrated the potential for
institutions to create (and re-create) STEM contexts in ways that enhance inclusion and
participation for historically underrepresented groups.

CULTURAL STRENGTHS AND ASSETS OF STEM STUDENTS

Despite the risks and challenges faced by many minority students, significant numbers of
STEM students from traditionally underrepresented groups show positive adjustment and are
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academically successful. There are a handful of systematic studies examining this within-group
variation: How do personal, cultural, and contextual factors contribute to positive academic
adjustment and to persistence in STEM fields of study? Several factors that may supersede or
buffer the negative effects of stigmatizing contexts for many minority students have been
identified (Chang et al., 2011), including parental support, intellectual development, and social
connectedness to others, as well as students” awareness of and development of coping skills
around experiences of racism and discrimination. Ko and colleagues (2014) illustrate that
women’s efforts to draw on personal, peer, and cultural supports are critical to maintaining their
interest in science and their psychological well-being in contexts that devalue them. Women that
persist in science often take extra strategic steps to get the mentoring and training they need
when it is not provided in their academic settings (Ko et al., 2014). This study suggests that
women and underrepresented students who persist in STEM may do so not necessarily because
of changes or improvements in the STEM culture at their institution. Rather, they persist because
of their agency and developed personal and cultural resources. Some of the co-curricular
supports have been developed to support students’ agency, and personal and cultural resource (as
discussed in Chapter 4).

Other studies have shown the need to acknowledge the strengths and positive educational
values associated with minority students’ cultural identities that are all too often ignored in favor
of stereotypical views of minority groups as resisting and devaluing education (Hope et al., 2013;
Ko et al., 2014; Yo0sso, 2005). For instance, scholars describe how black and Hispanic college
students who experienced subtle and overt racism in their academic contexts actively pursued
academic and professional excellence to “prove wrong” racialized and gendered assumptions and
low expectations based in stereotypes (see, e.g., Fries-Britt and Griffin, 2007; Yosso et al., 2000,
2009).

Similarly, McGee and Martin (2011) examined the process of “stereotype management”
among a sample of black college students in mathematics and engineering to explain their
achievement and persistence. The students’ moved from awareness that their racial identities
were undervalued and feeling they needed to prove stereotypes wrong to their emphasizing the
strengths associated with their racial and cultural identities, and to adopting more self-defined
reasons to achieve. While this study found a connection between stereotype management and
success in mathematics and engineering, students maintained a constant state of awareness that
faculty and other students viewed black students as inferior in mathematics and engineering
contexts. For example, as expressed in statements, such as “Really? Wow! | didn’t think you
would be able to answer a question like that! And no one helped you? (Comment from an
engineering professor directed to an African American female participant)” (McGee and Martin,
2011, p. 2). In addition, the presence of stereotypes can be apparent to STEM students even
when they are not expressed verbally or through nonverbal cues (McGee and Martin, 2011). As
one student in the study explained, “even when no one uttered a word to him or gave him a
‘What are you doing here?’ glance, he still felt overwhelmed by the presence of that stereotype
in most of his mathematics classrooms” (McGee and Martin, 2011, p. 18).

These lines of research challenge prevalent stereotypes and deficit perspectives of
minority students as less able or less identified with academic pursuits. In addition, this research
acknowledges student agency and avoids framing these students as passive victims of the types
of unsupportive cultures and stigmatizing experiences they may face.

SUMMARY
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The culture that students encounter when studying STEM has an effect on their interest,
self-concept, sense of connectedness, and persistence in STEM. Many students encounter
messages that success in STEM fields requires either natural ability in math or science or very
early exposures to high-quality training, which tends to be associated with lower persistence
among women and minorities. Academic cultures characterized by race, ethnic, or gender stigma
may lead students to assess those academic contexts as incompatible with their personal
identities; they may thus dis-identify with or disconnect important aspects of their personal
identity (e.g., self-esteem, self-concept, personal values) from the academic domain (Steele,
1992; Steele et al., 1998).

Students who persist often have to draw on personal, cultural, and co-curricular resources
to counter messages about the nature of ability and stereotypes that they encounter in interactions
with faculty and are embedded in organizational norms and practices. At the same time,
institutions have the potential to create STEM academic climates that promote engagement,
sense of connectedness, and persistence among students by positioning STEM as a context in
which one can learn and develop, avoiding emphasis on inherent or natural ability. Institutions
can also improve the academic climate by addressing the subtle and direct ways that students
may experience messages and treatment in STEM contexts that are based on negative racial and
gender stereotypes, including acknowledging and drawing on the cultural strengths that
underrepresented students bring to their academic contexts and in efforts to develop or improve
curricular and co-curricular practices and programs. These issues and others are discussed in
detail in the following chapter.
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TABLE 3B-1 Science and Engineering Bachelor’s Degrees Earned by Underrepresented
Minority Women in 2012, by Field

Field Number of Percentage of Degrees
Degrees
All Students Female All Minority
Minorities Female
All Fields 1,810,647 57 28 17
Science and Engineering 589,330 51 27 15
All Sciences 506,067 56 28 17
Agricultural Sciences 25,060 54 16 9
Biological Sciences 99,900 59 23 15
Computer Sciences 47,960 18 30 7
Geosciences 5,865 39 14 7
Mathematics and 19,819 43 18 8
Statistics

Physical Sciences 20,421 41 21 10
Psychology 109,716 77 32 25
Social Sciences 177,326 55 31 19
Engineering 83,263 19 18 4

SOURCE: Data from the National Science Foundation; available:
http://www.nsf.gov/statistics/wmpd/2013/pdf/tab5-7_updated 2014 05.pdf [April 2015]
NOTE: Underrepresented Minority does not include Asian/Pacific Islanders.
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BOX 3-1
The Value of Diversity

Perspective may be an important aspect of problem solving in science...What is
considered creativity on the part of an individual may in fact be a different perspective. In
order to solve problems which are currently considered intractable, it may be critical to
involve people who are traditionally not participants in the scientific process, especially
women.
Induction into Western New York Women’s Hall of Fame, 2011
Esther S. Takeuchi

As described in Expanding Underrepresented Minority Participation: America’s Science
and Technology Talent at the Crossroads (National Academy of Sciences, National Academy of
Engineering, and Institute of Medicine, 2011), diversity is a resource for and strength of the
nation’s society, economy, and postsecondary institutions. Diverse groups are typically smarter
and stronger than homogeneous groups when innovation is a critical goal (Page, 2007). Greater
diversity in an institution, therefore, strengthens it by increasing the number of perspectives and
the range of knowledge represented.

Diversity initiatives positively affect both minority and majority students on campus in
terms of student attitudes toward racial issues, institutional satisfaction, and academic growth
(Smith, 1997). Diversity in disciplinary work contributes to the research agendas of individual
faculty and their departments, aligns with scholarly values, and promotes such student learning
goals as tolerance of ambiguity and paradox, critical thinking, and creativity (Anderson, 2008).

Work by Gurin and colleagues (2002) illustrate three key benefits of diversity in
postsecondary education. First, structural diversity creates conditions that lead students to
experience diversity in ways that would not occur in a more homogeneous student body. Second,
students who experience the most diversity in classroom settings and in informal interactions
with peers show the greatest engagement in active thinking processes, growth motivation, and
growth in intellectual and academic skills. Third, higher education plays a central role in helping
students to become active citizens and participants in a pluralistic democracy. Students who
experience diversity in classroom settings and in informal interactions show the most
engagement in various forms of citizenship and the most engagement with people from different
races and cultures.
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BOX 3-2
Mathematics

The mathematical sciences are unique among the STEM disciplines in that they serve
both as important and evolving fields of advanced study and as a source of foundational
knowledge required of every STEM major. Whether or not a student studied calculus in high
school is one of the strongest predictors of successful completion of a STEM degree (Chen,
2009). Sixty percent of those who declare a STEM major and studied calculus in high school will
complete their STEM degree. In addition, while AP Biology, Chemistry, and Physics give
students an advantage in the particular discipline—Biology, Chemistry, or Physics—only AP
Calculus has an effect that transfers to other STEM disciplines (Sadler and Tai, 2007).
Mathematics instruction significantly affects student learning in STEM with respect to how
students create, use, interpret, and translate graphical and mathematical representations in the
context of conceptual understanding in a discipline. Although much could be noted about the
challenges and opportunities of introducing students to the potential of a major in mathematics,
we focus here on the issues facing mathematics as the gateway to other STEM disciplines.

For many students interested in earning a STEM credential, their mathematical
performance in high school has been very high, but for some it has not. Each group faces its own
particular set of challenges and obstacles, in addition to the obstacles that frequently face all
students including class size, the need for curricular coherence, the nature of the pedagogy, and
the availability of student support services.

Students who performed well in high school mathematics still struggle in calculus I.
Twenty-five percent of the students who take calculus I at a research university receive a D or F
or withdraw from the course (DFW), and another 23 percent receive a C (Bressoud et al., 2013),
a grade that is widely perceived as a signal that one is not adequately prepared to succeed in
calculus Il (Tyson, 2011). Perhaps the most striking finding about high-performing students is
the tremendous loss of confidence in their first term of university-level mathematics. This
phenomenon is particularly strong for women. Women who complete calculus I with a grade of
A or B are less likely than men to continue on to calculus Il (Rasmussen and Ellis, 2013). It is
worth noting that no differences by race or ethnicity were observed among high-performing
students of the same gender (Tyson, 2011; Rasmussen and Ellis, 2013).

Lower-performing, but not necessarily low-performing, students often take their first
college mathematics course at a community college (Bressoud, 2014). These students face the
obstacle of college algebra or precalculus, as well as the need to take precollege-level (noncredit)
mathematics courses. All of these courses are notoriously ineffective at advancing students to the
level needed for success in calculus. First, good placement procedures are rare (Carlson et al.,
2010). Second, even those who do well in precalculus (C or higher) often do not go on to enroll
in calculus (Thompson et al., 2007; Herriott and Dunbar, 2009). This trend is particularly
pronounced among students intending to major in STEM fields. For example, a study of students
at public and private institutions found that only half of the students intending to major in STEM
who took precalculus enrolled in calculus I and only 40 percent of them eventually enrolled in
calculus Il (Herriott and Dunbar, 2009). Moreover, taking precalculus prior to calculus | seems
to have little if any effect on student performance in calculus I (Hsu et al., 2008; Sonnert and
Sadler, 2014).

Most students who were low performing in high school mathematics and seek a STEM
degree start at a 2-year college. These students face a long and difficult succession of courses

Prepublication Copy Uncorrected Proofs 3-19

Copyright © National Academy of Sciences. All rights reserved.



Barriers and Opportunities for 2-Year and 4-Year STEM Degrees: Systemic Change to Support Students' Diverse Pathways

that must be negotiated before they can take calculus. The succession often begins with
precollege level or developmental mathematics. Only about 30 percent of students successfully
complete developmental mathematics and only 20 percent of those who complete the
developmental course go on to complete a college-level mathematics course (Bailey et al., 2010).
Thus, developmental mathematics courses, particularly in the context of community colleges, are
a barrier to student success in undergraduate STEM education. They are a barrier to success
because the courses add time and cost to degree completion, while they do not succeed in
preparing the majority of students for college-level mathematics.

A growing number of strategies have been developed to improve undergraduate
mathematics education. The use of technology is a key aspect of one set of strategies. An
example in precalculus is Assessment and Learning in Knowledge Spaces (ALEKS). It is an
adaptive testing platform that can be used to evaluate student knowledge of fine-grained topics
up to and including precalculus. Building a precalculus course around ALEKS has proven to be
very successful at several universities. One example is the University of Illinois at Urbana-
Champaign (Ahlgren and Harper, 2011; Hagerty et al., 2005, 2010). ALEKS has several
advantages: one is that exams are individualized and offered online so that students can take
them where and when they so wish, and adaptive testing means that there is an opportunity to
drill into particular competencies to assess exactly what students can and cannot do. In addition,
some studies have found that intelligent tutoring systems, such as Cognitive Tutors, the Open
Learning Initiative, have been shown to have positive effects on college students’ understanding
of mathematics, performance in mathematics courses, and persistence in college (Koedinger and
Sueker, 1996; Scheines et al., 2005; Bowen et al., 2012; Kaufman et al., 2013; Ritter, 2014;).
However, other studies have not found positive effects of intelligent tutoring systems
(Campuzano et al., 2009; Pane et al., 2010). The variation in effect seems to be due to whether the
tutors were implemented with fidelity (Pane et al., 2010). Implementing intelligent tutoring
systems as part of a blended classroom (i.e., instruction that is delivered in the classroom and
through digital media) has been shown to lead to better academic outcomes, over a shorter period
of time, than traditional courses (Bowen et al., 2012).

Another strategy to improve undergraduate mathematics education has been to revise the
pathway to calculus I. For example, many postsecondary institutions now offer stretched-out
versions of calculus | (Bressoud, 2014). Such a course, spread over two terms, embeds review of
precalculus topics on a just-in-time basis. This approach combines new and challenging
mathematics with the opportunity to review and reintroduce areas of weakness. Materials for
such a course were first developed at Moravian College in the 1990s (Sevilla and Somers, 1993).
The Wright State University model for engineering programs has seen increases in student
retention by delaying the calculus portion of the curriculum until after students have taken
introductory engineering courses with embedded math (Klingbeil et al., 2006). The Community
College Pathways, the California Acceleration Project, and New Mathways Project have
demonstrated success in improving undergraduate mathematics education by altering the
sequence of mathematics courses that low-performing students take and adjusting the
instructional methods within mathematics courses.

Prepublication Copy Uncorrected Proofs 3-20

Copyright © National Academy of Sciences. All rights reserved.



Barriers and Opportunities for 2-Year and 4-Year STEM Degrees: Systemic Change to Support Students' Diverse Pathways

BOX 3-3
The Double Bind Effect

The challenges that minority women face in pursuing a STEM degree were first called
out in The Double Bind: The Price of Being a Minority Woman in Science (Malcom et al., 1976).
A follow-up paper considered the situation 35 years later (Malcom and Malcom, 2011, p. 162):

[M]uch has changed, and much has not changed. STEM fields continue to be
overwhelmingly dominated by Whites and men, although the passage of laws banning
discrimination on the basis of race and/or sex reduced the number of overt practices that
shaped the university and workforce cohorts of previous years.

The barriers faced by minority women today are not as overt as the discriminatory
practices and policies of 35 years ago: they are more related to a lack of support and inaction by
institutions. Minority men also face barriers in their pursuit of a STEM degree (see Natioanl
Academy of Engineering, 2012). We focus on minority women in order to provide a rich
discussion of the barriers encountered as a result of the interaction between race and gender.

Both minority women and women in general are more heavily concentrated in
community colleges, for-profit institutions, and less-selective colleges and universities than their
white and male counterparts. Minority women represent a disproportionate number of students
who received an associate’s degree at a community college prior to earning a STEM
baccalaureate degree (Malcom, 2010).

The potential contribution of minority women is significant given that they express strong
interest in STEM fields and greater intention to major in these fields in postsecondary study than
do white females (National Science Foundation, 2013; Riegle-Crumb and King, 2010). However,
minority women face many institutional and cultural barriers to achieving their goal of
completing a STEM degree.

A synthesis of 116 works of scholarship spanning 40 years (Ong et al., 2011) provides
insight into the factors that influence the retention, persistence, and achievement of
underrepresented minority women in STEM fields. Those complex and interrelated factors
include personal relationships (faculty, peers, and family), STEM enrichment programs, sense of
academic self, individual agency and drive, and the climate of the learning environment.

Underrepresented minority women have to do a “tremendous amount of extra, and
indeed, invisible work” (Ong, 2002, p. 43) in order to fit in with and gain the respect of the white
male physics peers and faculty. In addition, this study found that the women had to spend more
effort learning the unspoken rules of the culture of physics to gain and maintain “membership” in
the culture. Yet another study (Ong et al., 2011) found that a supportive climate for
underrepresented minority women, particularly at historically black colleges and universities, led
to lower rates of attrition in STEM majors. Institutional factors that were correlated with lower
attrition rates among underrepresented minority women included openness to alternative routes
to a STEM major (i.e., a lack of stigma for remedial work), high expectations, and supportive
relations between students and faculty.

A study of 1,250 underrepresented minority women and 891 white women at more than
130 institutions found that underrepresented minority women persisted in STEM degree
programs at private colleges where there was a “robust community of STEM students”
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(Espinosa, 2011). One of the strongest negative predictors of persistence was attending a highly
selective school.

Underrepresented minority women (excluding Asian/Pacific Islanders) account for 17
percent of the undergraduate STEM degrees awarded in 2012 (National Science Foundation,
2013). The women are heavily overrepresented in some fields and heavily underrepresented in
others: they accounted for 25 percent of psychology degrees, 19 percent of social science
degrees, and 15 percent of biology degrees: see Table 3B-1. Together, these three majors
accounted for about two-thirds of STEM degrees earned by underrepresented minority women,
and they are underrepresented in all other STEM fields, especially computer science (7%),
geosciences (7%), and engineering (4%).
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4
Instructional Practice, Departmental Leadership, and Co-Curricular
Supports

Major Messages

e Adoption of reformed curriculum and reformed teaching practices remains difficult because
of such barriers as little support from other faculty and the department, few incentives for
improved teaching, inappropriate classroom infrastructure, limited awareness of research-
based instructional practices, and lack of time. Departments are a critical unit for change in
undergraduate STEM education since they represent not only individual faculty values and
aspirations, but also the curriculum as a whole beyond the individual courses that faculty
teach.

e Co-curricular supports, if done well, can provide authentic disciplinary experiences and
attend to the social and relational aspects of learning that have been shown to influence
students’ academic engagement and persistence.

Research conducted across all disciplines, not just science, technology, engineering and
mathematics (STEM), indicates that the faculty behaviors and characteristics that have a
significant effect on student engagement include active and collaborative learning techniques,
communicating high expectations to students, course-related student-faculty interactions, and an
emphasis on enriching educational experiences (Umbach and Wawrzynski, 2005). Thus, the
educational context created by faculty behaviors and attitudes affect student learning and
engagement. Two key features of the educational context are the instructional strategies and
classroom environments that students encounter. Addressing curriculum and classroom concerns
IS a necessary component in any undergraduate STEM education effort. In this chapter, we focus
on the barriers and opportunities to improving STEM teaching practices. In doing so, we
describe the role that faculty, departments, and institutions can play in instructional reform. We
also point to a set of strategies, beyond curricular reform, that can support persistence and
completion of STEM credentials.

Throughout the chapter we stress that instructional reform is not sufficient in and of
itself. The learning environment, the culture of a department, the need for community, and the
other factors described in Chapter 3 also play crucial roles. For example, Ko and colleagues
(2014) have found that the messages that women of color often receive—directly or indirectly—
from their academic settings (e.qg., interactions with faculty, advisor, and peers; structure of
departments; and classroom norms) convey low expectations, stereotypical views, and benign
racism/sexism. Additionally, as is discussed later in the report, the policies that shape actions by
faculty, departments, and institutions are also critical elements in creating an environment that
can support success in STEM for all students by addressing cultural, instructional, and
institutional policy barriers.
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IMPROVING STEM TEACHING PRACTICES

Instructional strategies in undergraduate STEM classrooms matter. The most
comprehensive meta-analysis to date illustrates that students learn more in STEM classrooms
where instructors use active learning strategies rather than traditional lecturing (Freeman et al.,
2014). A review of discipline-based education by the National Research Council (2012)
revealed similar findings: that traditional lectures are less effective then evidence-based
instructional strategies at improving conceptual knowledge and attitudes about learning STEM.
The report illustrated that evidence-based instructional strategies include a range of approaches,
including making lectures more interactive, having students work in groups, providing formative
feedback, and incorporating authentic problems and activities. In particular, the report
emphasizes that instructors’ clarifying and facilitating student conceptual understanding is
relevant across all STEM fields. While approaches to problem solving differ across fields, most
research indicates that authentic problems and appropriately sequenced experiences are
important for student learning of core concepts in STEM (National Research Council, 2012).

The National Research Council’s report (2012) also found that active instructional
strategies supported all students’ STEM learning, and they especially supported learning among
underrepresented students. Research on an active-learning intervention in physics and biology
illustrates the disproportionally positive effect of a moderately structured intervention on black
and first-generation college students (Beichner et al., 2007; Eddy and Hogan, 2014): the
achievement gap between black and white students was halved, and the achievement gap
between first-generation and other students was eliminated.

More nuanced studies are now being funded to identify the elements of successful
instruction and how the elements may differ across groups (Eddy and Hogan, 2014). Even with
more nuanced evidence, evidence-based approaches to teaching may be difficult to implement
(National Research Council, 2012; Freeman, et al., 2014; Eddy and Hogan, 2014). The
complexity of the demands of faculty work in the 21st century, regardless of institution type,
creates challenges to changing approaches to teaching.

To understand how teaching approaches are developed and codified, it is important to
understand that teaching practices are situated in the context of departments and disciplinary
norms, perceptions of how students learn, faculty values, pedagogical strategies, and faculty
views of the impact of their teaching choices (Austin, 2011). Cultivating change in teaching
practice is not as simple as demonstrating research evidence of instructional effectiveness: it also
has to be linked to faculty experience, appointment type, disciplinary understanding, and
departmental culture (Austin, 2011). In this section we focus specifically on the nature of
research-based STEM instructional strategies and the barriers and opportunities to implementing
and sustaining this kind of instruction.

Significant resources have been invested in disseminating “best practices” in instruction
(for an overview, see National Research Council, 2012, 2013). Disciplinary societies have made
resources for improving teaching available to faculty through online archives or warehouses such
as COMPADRE in physics (Mason, 2007) and the Advance Technology Education program’s
National Resource Center;* an increasing number of disciplinary-based journals offer peer-
reviewed research about effective practices; and a number of professional organizations make

For more information, see https:/atecentral.net/resources [July 2015].
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available professional development opportunities for faculty to learn about and practice new
pedagogies (see Hilborn, 2013). The field of chemistry has been particularly successful in the
application of socially mediated teaching and learning as evidenced by Process-oriented Guided
Inquiry Learning (POGIL) and Peer Led Team Learning (PLTL), both of which use small groups
of peer-led teams in problem solving.? There are barriers associated with these dissemination
efforts, but they offer a clear opportunity for faculty to learn about and adopt research-based
instruction in most STEM disciplines. See Appendix A for an overview of some current
instructional reform efforts in STEM fields.

BARRIERS TO INSTRUCTIONAL CHANGE FACED BY STEM FACULTY

Teaching, research, and service represent the traditional three-legged stool that defines
faculty work. The specific context within which this work is carried out is related to faculty
decision making and practice relative to their allocation of time and effort. Institutional context,
departmental structure and leadership, institutional incentives, and professional development
opportunities determine faculty motivation to consider evidence-based approaches to teaching
and student learning rather than their own experiences and department tradition.

According to a survey conducted during the 2013-2014 academic year, faculty, including
faculty in STEM departments, have increased their use of evidence-based instructional strategies
(Eagan et al., 2014). Full-time faculty reported that over the past 25 years, they increased their
use of classroom discussions (from 70% to just over 80%), of group projects (from under 20% to
45%), of cooperative learning (from about 25% to 61%), and of student evaluation of each
other’s work (from about 10% to over 40%). However, 51 percent of full-time faculty continue
extensive use of lecturing. There are a handful of studies of the instructional strategies in two
STEM disciplines: physics and engineering. These studies indicate that widespread changes have
not been adopted (Henderson, 2008; Henderson and Dancy, 2009; Borrego et al., 2010;
Henderson et al., 2012; Prince et al., 2013). For example, a survey of physics faculty revealed
that one-third of physics faculty do not use any evidence-based instructional strategies, one-third
use one or two strategies, and one-third use at least three strategies (Henderson et al., 2012). A
survey of engineering departments indicates that awareness of evidence-based teaching strategies
is much higher than adoption (82% and 47% respectively) (Borrego et al., 2010). The results of
these studies should be interpreted with caution, because faculty have been found to over-report
their use of evidence-based instructional strategies, and there may be selection bias in which
faculty members respond (Dancy and Henderson, 2010; Savkar and Lokere, 2010).

The rate of change in instructional strategies can be understood in terms of a set of
barriers faced by the academic STEM community. The most general set of barriers is related to
the lack of institutional incentives that faculty members have to adopting research-based
instructional strategies or more innovative curricular programs. Such barriers as research time
versus teaching time, faculty workloads, and resources can affect faculty decisions to invest in
new teaching practices (Fairweather, 2008).

The preparation and professional development related to instructional strategies that
STEM instructors have received can also be a barrier to implementing evidence-based strategies.
Faculty members bring to their work a socialization that occurs during graduate education,
particularly with respect to their identities as teachers and scholars (Austin, 2010). Centers for

“For more information, see http://www.pogil.org and http://www.pltl.org [April 2015].
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teaching and learning have been developed to provide collaborative networks across institutions.
For example, the Center for Integration of Research, Teaching, and Learning (CIRTL), which is
funded by the National Science Foundation (NSF), emphasizes preparing STEM future faculty to
bring their scholarship to teaching and develop learning communities for professional
development at both the institutional and national levels. CIRTL has also recognized the
importance of learning skills that leverage the increasing student diversity in STEM classrooms
and research environments as a mechanism to enhance educational excellence.®

Often, the approaches used to encourage faculty to adopt research-based curricula have
not been effective. In the “develop and disseminate” model of change identified by Dancy and
Henderson (2010), faculty members are expected to consider adopting a research-based
curriculum on the basis of attending a 1-day workshop or other relatively short-time
dissemination efforts. The National Science Foundation and other granting agencies previously
supported this approach by often requiring the grantees to run workshops on developed curricula
or carry out other forms of dissemination (Seymour, 2001). Although a very large number of
STEM faculty members may have attended a dissemination workshop, it has not correlated with
a large move toward adoption of STEM educational reforms (Henderson, 2008; Henderson et al.,
2011; Borrego and Henderson, 2014). The National Science Foundation has moved away from
the “develop and disseminate” approach in its recent program solicitations (e.g., Transforming
Undergraduate Science Education, and Course Curriculum and Laboratory Improvement).

More successful approaches to training faculty, such as summer institutes and new
faculty workshop series are now being implemented. One of the longest running new faculty
professional development workshops is Project NExT (New Experiences in Teaching),* run by
the Mathematical Association of America. Since 1994 it has served more than 1,500 new
mathematics faculty. The 2-year program provides new faculty with a series of teaching
workshops and a network of peer mentors. Another program is run by the American Association
of Physics Teachers (AAPT),> which has workshops for physics, astronomy, and engineering
faculty (Felder and Brent, 2010) that provide new faculty with the opportunity to exchange
experiences and tools.

In general, effective faculty development workshops incorporate content drawn from
discipline-specific education research, involve discipline-specific educators as facilitators or co-
facilitators, and address a need for sustainable support (Felder et al., 2011). For example, at
AAPT’s new faculty workshop, a small number of techniques that have proven to be effective in
a variety of environments are presented. The workshops are meant to focus on tactics that can be
implemented with minimal time and effort, thus allowing new faculty to better balance their
teaching, research, and scholarship. In 2014, the workshops covered such topics as interactive
lectures, peer instruction, just-in-time teaching, research in physics education, problem solving,
and teaching for retention and diversity. The Howard Hughes Medical Institute and the National
Academies of Science, Engineering and Medicine also have partnered to run summer institutes to
develop the teaching skills of faculty and instructional staff.®

The NSF’s Advanced Technological Education (ATE) Program has generated a wide
range of professional development resources for instructors involved in technician education,

*For more information, see http://www.cirtl.net/ [July 2015]

*For more information, see http://www.maa.org/programs/faculty-and-departments/project-next [July 2015].
*For more information, see http://www.aapt.org/conferences/newfaculty/nfw.cfm [May 2015].

®For more information, see http://www.academiessummerinstitute.org/ [July 2015].
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including problem-based learning, linkages with industry, career exploration and advising, and
instructing diverse student groups. One ATE-supported effort, TeachTechnicians.org, increases
access to and participation in faculty professional development: it is designed to be a one-stop
shop for professional development opportunities provided by ATE grantees and others. The site
provides ATE grantees a central place to announce and promote professional development
events. It also provides grantees with access to expertise, vetted resources, and successful
practices that they can use to improve technician education at their institution.

Even among those who have adopted new approaches, sustainability can be an issue. A
study of research-based instructional strategies in introductory physics classrooms during the fall
of 2008 found that long-term adoption of such strategies is hampered by discontinued funding
for curriculum reform efforts and insufficient support from colleagues during implementations
(Henderson et al., 2012). Research is needed to assess whether these factors are also barriers to
adoption in other STEM fields.

Once a faculty member has decided to implement research-based instruction, she or he
faces multiple barriers to implementing the instruction with fidelity. Beyond awareness of and
familiarity with the instructional strategy, an individual faculty member is often not fully aware
of all the elements required for successful implementation. These might include skills in guiding
student discourse (Duschl, 2002), engaging in the appropriate form of dialogue with the students,
and avoiding microaggressions and implicit bias (Cohen et al., 1999; Hurtado et al., 2011; Nadal
et al., 2014). Faculty members may also face situational-based barriers (Henderson, 2008),
including not being able to cover as much content as when lecturing, possibly needing more
tutorial sections, and scheduling constraints due to the need for particular classrooms that support
collaborative work (see Box 4-1 for an overview of research on classroom design). In addition, a
study of calculus instruction (Bressoud et al., 2013) indicates that it may be more difficult for
faculty who do not employ good general instructional practices to shift to active instructional
strategies because students sometimes are unhappy with and resist such strategies. Finally,
faculty members who choose to make significant curricular changes without a support network
of local colleagues and their departments are at an immediate disadvantage (Beach et al., 2012).

AUTHENTIC STEM EXPERIENCES

The President’s Council of Advisors on Science and Technology (2012) and others (see,
for example, Kuh, 2008) have stressed that exposure to authentic STEM experiences, including
research, is a key aspect in improving persistence and completion. Authentic undergraduate
STEM experiences can involve hypothesis-driven, hands-on experimentation in which the
outcome is unknown, peer-to-peer support, faculty-student interactions, and academic support.
Students can be exposed to authentic STEM experiences in myriad ways, but typically students
are provided such experiences via course-based opportunities to do investigations or by
participating in a faculty’s research laboratory.

Classroom-based strategies that engage students in authentic STEM experiences are in
line with evidence-based instructional strategies that require moving away from lectures and
recipe-based laboratory exercises toward more open-ended and student-driven STEM
experiences (National Research Council, 2012). Evidence exists on the value of integrating
authentic STEM experiences via undergraduate research and project-based laboratories (National
Research Council, 2012; President’s Council of Advisors on Science and Technology, 2012;
Weaver et al., 2008). Such activities can be included in the curriculum of the undergraduate
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STEM laboratory or structured research programs, such as the Minority Biomedical Research
Support (MBRS) Program or Maximizing Access to Research Careers (MARC), which are
supported by the National Institutes of Health (Eagan et al., 2013).

Undergraduate research programs and internships may be particularly important for
students from underrepresented groups since they may facilitate students’ identities as scientists
and engineers (Eagan et al., 2013). Authentic experiences may also involve opportunities to work
on industry-related projects, as in the successful engineering clinic program at Harvey Mudd
College.” Begun in 1963, the program has become an integral part of the college’s engineering
program and involves undergraduates at all levels. It engages small groups of undergraduate
students working on industry-sponsored design projects.

In 2015 the National Academies of Sciences, Engineering, and Medicine organized a
convocation to explore many aspects of the opportunities and challenges of introducing various
models of discovery-based approaches to STEM education into undergraduate curricula.®
Another committee is currently conducting a consensus study on these issues, with a report
expected in 2016.

TENURE-TRACK AND CONTINGENT STEM FACULTY APPOINTMENTS

The nature of faculty appointments is also a factor in the learning environment that
STEM students encounter. Both NSF and the U.S. Department of Education collect data on
undergraduate faculty including faculty in STEM departments, but information on nontenure-
track faculty and staff has not been available since the Department of Education discontinued the
National Study of Postsecondary Faculty in 2004. However, studies of undergraduate STEM
instructors and surveys of instruction conducted by disciplinary societies provide a partial picture
of the contributions of tenured, tenure-track, and nontenure-track faculty and staff to student’s
learning.

The continuing change in balance from permanent tenure-track appointments that include
all aspects of faculty work--teaching, research, and service--to nontenure-track, fixed-term,
contingent, and part-time positions that emphasize only instruction may in effect marginalize the
significance of teaching (Austin, 2011). This shift may convey the idea that teaching is less
important than the other aspects of faculty work and disconnect teaching from research and the
culture and community of the field.

Instructors with different types of appointments are teaching major parts of the
undergraduate curriculum across all disciplines, even at the important introductory level
(Baldwin and Wawrzynski, 2011). Teaching practices of part-time contingent faculty differ from
those of other faculty. In a study of faculty at 4-year institutions from all academic departments,
part-time faculty interacted with students less often, used active and collaborative instructional
strategies less frequently, had lower academic expectations, and spent less time preparing for
classes than did full-time faculty (both tenure-track and nontenure-track) (Baldwin and
Wawrzynski, 2011).

Within STEM disciplines, it has been argued that part-time faculty in introductory
gatekeeper courses can affect students’ engagement and persistence. Some believe that students
have fewer meaningful interactions with part-time faculty, which leads students to be less

"For more information, see https://www.hmec.edu/clinic/ [July 2015].
8For more information, see http://dels.nas.edu/Past-Events/Convocation-Integrating-Discovery-Based-
Research/AUTO-9-90-18-T [July 2015]
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integrated into academic culture and thus be negatively affected in terms of persistence. Part-
time faculty members are typically limited in their ability to engage students in research
experiences, because of time constraints and because they do not conduct research at the college
or university. One study by Eagan and Jaeger (2008) found that students were significantly and
negatively affected by having gatekeeper courses taught by part-time faculty.

Community college students enrolled in STEM courses have a high probability of taking
courses taught by part-time faculty, and instruction by part-time faculty is negatively correlated
with student retention and transfer to a 4-year institution (Jaeger and Eagan, 2009, 2011).
Students with greater levels of exposure to part-time faculty are less likely to earn an associate’s
degree in comparison with students who do not receive any instruction by part-time faculty
(Jaeger and Eagan, 2009). Particularly in the sciences, a first-year student who has spent more
than the average amount of time with part-time instructors is less likely to transfer to a 4-year
institution than a classmate who has not had a part-time instructor (Jaeger and Eagan, 2011).

The American Chemical Society (ACS) Committee on Professional Training surveyed
chemistry programs at 4-year institutions in 2010 in order to understand the effects of nontenure-
track appointments on undergraduate chemistry education (American Chemical Society, 2010).°
The results indicated that 66 percent of general chemistry lecture courses for majors were taught
by tenure-track faculty, while just 30 of general chemistry lecture courses for nonmajors were
taught by tenure-track faculty. A similar trend was found in organic chemistry classes; tenure-
track faculty taught 80 percent of courses for majors and they taught 50 percent of courses for
nonmajors. In addition, the ACS (2010) report indicates that laboratory instruction was primarily
done by contingent chemistry faculty. Trends such as these suggest that primary instruction by
nontenure-track faculty who do not have access to ongoing research programs may present a
barrier to students interested in furthering their research experience.

DEPARTMENTAL LEADERSHIP AND STEM INSTRUCTION

Department leadership has the capacity to enhance instructional strategies and support for
STEM student learning. The department is the critical unit for change in undergraduate STEM
education since it represents not only individual faculty values and aspirations, but also the
curriculum as an integral whole beyond individual courses. Departmental commitment is critical
for the continuous assessment of teaching practices and support for experimentation and
innovation. Individual faculty investment in new pedagogical approaches cannot be sustained or
spread by itself, and institution-wide programs are often too diluted. The department is the
practical unit that can affect change because it has the authority to establish on-campus programs
that explicitly recognize high-quality instruction.

There are many “levers” that department leaders can use to drive change, including
setting learning goals, adjusting prerequisites, increasing flexibility of class taking, providing
incentives and rewards for improved pedagogy, revising teaching assignments, providing support
for course redesign, and reviewing when classes are offered. STEM departments can create
teaching awards, offer access to the resources and release time needed by faculty to engage in
educational endeavors, and provide recognition of those endeavors in promotion and tenure
decisions (Brewer and Smith, 2010).

*The survey specifically excluded teaching assistants.
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Departmental efforts to create change can be hampered by the lack of data available to
inform reform decisions. Without reliable information about where students encounter barriers,
the nature of the barriers, and profiles of the students who encounter barriers, it can be difficult
for leaders to determine what actions to take. Some universities have begun to address the need
for reliable data by partnering with the institutional offices and divisions that have access to
student data (i.e., institutional research centers) and by developing easy-to-use data analysis and
visualization tools.*

Physics has provided an interesting platform to examine the effectiveness for the
department as the unit for change in STEM undergraduate education. A national task force on
undergraduate physics through the American Institute of Physics, the American Physical Society,
and the American Association of Physics Teachers examined the characteristics of “thriving”
departments (Hilborn and Howes, 2003). The common elements across departments included: a
well-developed curriculum, individualized advising and mentoring, an undergraduate research
program or industry-based internships (or both), many opportunities for informal student-faculty
interactions, and a strong sense of community supported by departmental leadership across
faculty and students. For details on efforts to create and sustain change in undergraduate life
science education, see Box 4-2.

In 2007 the American Association for the Advancement of Science hosted a series of
regional meetings to discuss what needed to be done to improve undergraduate biology
education. The meetings were attended by over 200 biology faculty, college and university
administrators, and other undergraduate biology stakeholders. The input from these meetings
was used to frame a 2009 national conference on undergraduate biology reform. The conference
was attended by over 500 biology faculty, college and university administrators, and other
undergraduate biology stakeholders. The conference focused on six major questions: (1) what
undergraduates in biology should know and be able to do, (2) how should students be taught, (3)
how should learning be assessed, (4) how should professional development of instructors be
conducted, (5), what institutional changes are needed, and (6) what tools are needed to facilitate
change. The conference yielded the following action steps that biology departments across the
country are working to implement (Brewer and Smith, 2010, p. 50):

e Mobilize all stakeholders, from students to administrators, to commit to
improving the quality of undergraduate biology education.

e Support the development of a true community of scholars dedicated to
advancing the life sciences and the science of teaching.

e Advocate for increased status, recognition, and rewards for innovation in
teaching, student success, and other educational outcomes.

e Require graduate students who are on training grants in the biological sciences
to participate in training in how to teach biology.

e Provide teaching support and training for all faculty, but especially postdoctoral
fellows and early-career faculty, who are in their formative years as teachers.

CO-CURRICULAR STRATEGIES FOR IMPROVING STEM EDUCATION

1% or an example of an award-winning program, see http://iamstem.ucdavis.edu/tools/ [July 2015]
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As outlined by Estrada (2014), co-curricular supports,** if done well, provide authentic
disciplinary experiences while also taking into account the social and relational aspects of
learning that have been shown to influence students’ academic engagement and persistence in
the sciences (Chang et al., 2011; Kinkead, 2003; Lopatto, 2003). Specifically, co-curricular
programming can mitigate the negative psychological and academic impacts of a stigmatizing
STEM academic culture by affirming students’ self-perceptions of competence (Gandara and
Maxwell-Jolly, 1999; Hurtado et al., 2009; Mabrouk and Peters, 2000) and sense of community
in the college setting. Thus, such programming can serve important roles both in promoting
motivation and achievement and in protecting students when they experience stigma and
exclusion.

STEM faculty members and leaders of co-curricular reforms have to be supported by
their departments and institutions through allocation of time, resources, and other types of
support. Once STEM reform begins, the need for support continues as the co-curricular reform
requires subsequent adaptations and modifications. Payoff in the form of improved learning
outcomes may not be apparent in early stages of such efforts but should be expected later. That
is, administrators and faculty need to be aware of and accept that a significant proportion of the
costs of innovation will be at the beginning and that a sustained effort will be required to support
the reform effort over multiple years. Everyone involved in reform efforts needs to have realistic
temporal and financial expectations for anticipated outcomes. This section provides a basic
overview of key elements in that reform; we provide a detailed discussion of creating and
sustaining systemic change in Chapter 6.

Internships

As discussed above, internships provide important opportunities for students to have
hands-on experiences in their fields. Internships provide an opportunity to expand on the
learning community developed in a student’s program through sustained engagement with
people working in industry (Eagan, 2013). There is some evidence that participation in an
internship is significantly correlated to persistence in undergraduate engineering and computer
science (Eagan, 2013). According to Fifolt and Searby (2010, p. 21), “mentoring students and
new graduates can provide a bridge between theory learned in college and the complex realities
of the workforce environment.” When structured properly, internships provide students with this
valuable mentorship experience. Internships can be research or design based or focused on
working in an organization, catering to the wide array of opportunities that are available to
STEM majors and providing students with the option to explore different career paths.
Regardless of the type, well-run internships expose students to authentic research or design
activities and hands-on experiences through “a mutual process of discovery that occurs through
dialogue and activity” (Thiry et al., 2011, p. 361).

Some colleges and universities actively promote such opportunities through partnerships
with local companies. For example, when officials at Miami-Dade College proposed a new B.S.
degree in information systems technology, they secured an agreement from Florida Power and
Light to provide internships to undergraduates in the program.*® Florida Power and Light also

Co-curricular supports are activities, programs, and learning experiences that complement, in some way, what
students are learning in the classroom.
2For details, see http://www.nexteraenergy.com/employeecentral/emp_comm/docs/ENG0509.pdf [April 2015].
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provides internships to some students studying for associate’s degrees in electrical power
technology.*®

Summer Bridge Programs

Summer bridge programs can enhance the precollege experience of all students, helping
them become familiar with STEM-related curricula, academic expectations, program structure,
peers and faculty, and career opportunities. Summer bridge programs have been demonstrated to
have a positive effect on retention, especially among students from traditionally
underrepresented groups (Strayhorn, 2010b). Summer bridge programs that cater to STEM
disciplines have been shown to enhance student success (Gilmer, 2007; Association of American
Colleges and Universities, 2012). To best prepare students to succeed in STEM disciplines,
STEM-related summer bridge programs should take a multipronged approach, including a
combination of activities and programming that address their “academic, social, and career
needs” (Lenaburg et al., 2012, p.153). Specific elements include an orientation to campus life
and resources, an introduction to research activity and presentation, mentoring programs that
connect new and prospective students with current students, and a structured session that engages
students in career exploration (Lenaburg et al., 2012). Programs that integrate these different
elements will provide students not only with a sense of community, but also with the tools
necessary to succeed in college.

For example, at North Carolina State University, the Women in Science and Engineering
Program (WISE)* offers students the chance to move into their dorm rooms a few days early to
participate in a summer bridge program. The goal of the program is to provide support for the
students that will ease their transition to college. The students participate in group work where
they do hands-on activities to stimulate the use of problem-solving skills and creativity. They are
assigned an upper-class mentor and engage in discussions about academics and campus life.

Participants in the WISE Summer Bridge are entering members of the WISE Village, a
living and learning community designed especially for first- and second-year women majoring in
science or engineering at North Carolina State. The WISE Village plans social, educational, and
cultural activities to help residents interact with each other and develop a sense of community
while exploring some of the opportunities available to them at North Carolina State. In another
component of the program, WISE offers free tutoring in calculus, chemistry, and physics, three
nights a week in the common dorm, where the students study together with the assistance of their
mentors and tutors. An assessment of the WISE program shows that participants are retained in
the sciences and engineering at a higher rate than their non-WISE counterparts (Titus-Becker et
al., 2007). Graduation rates of WISE participants could not yet be calculated because 4-year
graduate rates on the first cohort were not yet available (the program was in its fifth year at the
time the assessment took place).

Student Professional Groups

BFor details, see https://www.mdc.edu/homestead/pdf/EPT_Program%20Sheet.pdf [April 2015].

YFor details, see http://www.ncsu.edu/wise/bridge.htm [April 2015].
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Many disciplinary professional societies and societies for professionals from
underrepresented groups now include student chapters. The student chapters are oriented toward
building community among members, connecting members to STEM professionals, and
developing members’ disciplinary identity. For example, the National Society for Black
Engineers has a collegiate membership®® category that allows student members access to
networking, conferences, career fairs, test-preparation workshops, tutoring, and scholarship
opportunities. A collegiate membership in the Society of Women Engineers includes access to
career guidance, networking events, leadership trainings, and professional development
seminars.® In addition, the Society for the Advancement of Hispanics/Chicanos and Native
Americans in Science (SACNAS) offers student memberships that link students to a
national network of mentors and peers, provides access to electronic magazines and newsletters
of the society, and allows participation at a national conference.'” In addition, some campuses
have local student chapters of national organizations, many with active Facebook groups
promoting campus meetings and activities.*®

Peer Tutoring

Peer tutoring involves people in similar social groupings, who are not professional
teachers, working together to learn. Traditionally, peer tutoring has been thought of as a
knowledgeable student transmitting knowledge to a less knowledgeable student. A wide range of
peer-tutoring formats has developed over the past decade. Peer-tutoring formats vary across a
number of dimensions, including the ratio of tutors to tutees, ability or knowledge of the tutor
and tutee, and the amount of tutoring time (Topping, 1996). There is substantial evidence on the
effectiveness of the various formats of peer tutoring (Topping, 1996), for both the tutor and the
tutee (Annis, 1983; Benware and Decci, 1984) in terms of academic achievement (American
River College, 1993; Lidren et al., 1991), self-efficacy (Schunk, 1987), and motivation (Schunk,
1987).

For example, California State University, San Marcos (CSUSM) operates a 35 hour-a-
week drop-in STEM tutoring center.*® Undergraduate tutors in math and science support
students enrolled in lower-division gateway STEM courses. The STEM tutoring program at
CSUSM benefits both tutors and students. For students seeking assistance, the tutors provide
timely course-related assistance. Tutors also encourage students to work together, fostering a
sense of community. This can help students establish peer networks that persist beyond the
tutoring center and may form the basis of informal student learning communities (Cooper, 2010).
For tutors, tutoring provides flexible employment for high-achieving upper-division science and
mathematics majors. In addition to deepening their own content knowledge, tutors develop
communication skills and gain an appreciation for teaching and learning that is applicable to
graduate school and future careers (Arco-Tirado et. al., 2011; Topping, 1996).

For details, see http://www.nsbe.org/Membership/Membership-Benefits.aspx#.VOY5R_nF-VM [April 2015].
18For details, see http:/societyofwomenengineers.swe.org/membership/benefits-a-discounts/409-membership-
types/3361-collegiate-membership [May 2015].

YFor details, see http:/sacnas.org/community/membership/benefits [May 2015].

8For examples, see http://societyofwomenengineers.swe.org/membership/benefits-a-discountstactivePanels_0 [May
2015] and http://www.acs.org/content/acs/en/education/students/college/studentaffiliates.html, and https://awis.site-
ym.com/?ChapterDuesL ist [May 2015].

BFor details, see http://www.csusm.edu/stem/stemcenter.html [April 2015].
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Living and Learning Environments

To address the connection between successful transition to college and students’
engagement with and connection to their college community (see Astin, 1984; Pascarella and
Terenzini, 2005), an increasing number of institutions have created living-learning programs.
Living-learning programs cluster students with shared academic goals or focus in residential
communities (Shapiro and Levine, 1990). Four major types of learning communities have been
identified: paired or clustered courses; cohorts in large courses or first-year interest groups;
team-taught courses; and residential learning communities (Shapiro and Levine, 1990; Inkelas et
al., 2008).

Living-learning programs at several campuses have been correlated to positive transition
to college and positive academic outcomes (Pike, 1999; Pike et al., 1997; Stassen, 2003). The
strength of the evidence varies by the type of living-learning communities, type of institution,
discipline, and student characteristics. Successful living-learning programs tend to share three
characteristics: a strong presence and partnership with the institutions’ student and academic
affairs; clear learning objectives with a strong academic focus; and flexibility to capitalize on
learning opportunities wherever and whenever they occur (Brower and Inkelas, 2010). Ina
review of the effects of living-learning programs on women seeking a STEM degree (Inkelas et
al., 2008), no clear pattern was seen. However, women in STEM-focused programs did rate their
residential environments as more academically and socially supportive than women not in those
programs, and they rated their sense of belonging and self-confidence higher than did their
counterparts.

One example of a STEM-focused living-learning program that illustrates how institutions
are implementing such programs is the Living-Learning Community for Women in STEM at the
Douglass College of Rutgers University.?> As part of this program, women studying STEM live
in the same residential hall. The residents are provided access to peer study groups, academic
and professional development seminars, internship opportunities, roundtable discussions with
faculty, and a resource library. In addition, a one-credit course on careers in STEM is required
of students in the program. All participants are expected to meet regularly with a graduate
mentor and actively participate in learning opportunities in the residence hall.

Comprehensive Interventions

Programs, such as the Meyerhoff Scholars Program at the University of Maryland
Baltimore County, have been lauded for addressing the social and relational aspects of STEM
learning. These programs usually provide a range of co-curricular supports to students, as well as
implementing changes in classroom instructional practices, changing expectations of faculty for
students from underrepresented minorities, and building state-of-the art learning facilities.

The Meyerhoff Scholarship Program began in 1988 with funding from Robert and Jane
Meyerhoff and the leadership of then Provost (later President) Freeman Hrabowski. Howard
Hughes Medical Institute and the National Institutes of Health later provided funding as well.
The initial goal of the program was to provide financial assistance, mentoring, advising, and
research experience to highly qualified black male undergraduate students committed to

PFor details, see https://douglass.rutgers.edu/bunting-cobb-residence-hall-living-learning-community-women-stem-
0 [April 2015].
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obtaining Ph.D. degrees in mathematics, science, and engineering.”* In 1990, the program was
expanded to include black female students, and it was opened up to male and female students of
all backgrounds in 1996. According to its website, the program operates on the “premise that,
among like-minded students who work closely together, positive energy is contagious. By
assembling such a high concentration of high-achieving students in a tightly knit learning
community, students continually inspire one another to do more and better.”??

All incoming Meyerhoff Scholars attend an accelerated 6-week residential program,
called summer bridge. The idea of the summer bridge is to teach students about the program and
its approach, as well as to provide tools and skills that will help them in their first semester of
college. During the summer, students take for-credit courses in calculus and black studies, as
well as noncredit courses in chemistry, physics, study skills, and time management. Courses are
designed to demonstrate the rigors of college-level instruction and to help students learn how to
meet higher standards of performance.

The program focuses heavily on pushing students towards a goal of achieving a Ph.D.
The oversight of Meyerhoff Scholars is highly structured, with frequent advising on academics,
preparation for graduate and professional school, and assistance with any personal issues that
may interfere with school. Students are encouraged to seek not just the A grades, but high—-A
grades. Advisors, mentors, and peer coaches discuss values, such as outstanding academic
achievement, seeking help (tutoring, advising) from a variety of sources, and supporting one’s
peers. Students are told repeatedly that nothing is impossible if they try hard enough.

The program has identified 13 key components to their success: recruitment; financial
aid; summer bridge; study groups; program values; program community; tutoring; advising and
counseling; professional and faculty mentors; summer research internships; faculty involvement;
administrative involvement; and family involvement.?® All Meyerhoff Scholars are expected to
begin participating in research early in their college careers. Since 1993, the program has
graduated over 900 students. As of January 2015, the program has achieved the following
results:

e Alumni from the program have earned 209 Ph.D.s, which includes 43 M.D./Ph.D.s, 1
D.D.S./Ph.D., and 1 D.V.M./Ph.D. Graduates have also earned 239 master’s degrees, as
well as 107 M.D. degrees. Meyerhoff graduates have received these degrees from many
top institutions, including the University of California at Berkeley, Carnegie Mellon,
Duke, Georgia Institute of Technology, Harvard, Johns Hopkins, Massachusetts Institute
of Technology, New York University, Rice, Stanford, University of Maryland, University
of Michigan, University of Pittsburgh, and Yale.

e More than 300 alumni are currently enrolled in graduate and professional degree
programs.

e An additional 270 students were enrolled in the program for the 2015-2016 academic
year, of whom 51 percent were black; 15 percent, white; 15 percent, Asian; 12 percent,
Hispanic; and 1 percent, Native American.

e Meyerhoff Scholars were 5.3 times more likely to have graduated from or be currently
attending a STEM Ph.D. or M.D./Ph.D. program than those students who were invited to
join the program but declined and attended another university.

2YEor details, see http://meyerhoff.umbc.edu/about/ [April 2015].
2ZAt http://www.umbc.edu/Programs/Meyerhoff/about_the program.html [April 2015].
2For more information, see http:/meyerhoff.umbc.edu/13-key-components/ [August 2015].
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In spring 2014, Howard Hughes Medical Institute agreed that it would fund a 5-year
partnership between University of Maryland, Baltimore County; University of North Carolina,
Chapel Hill; and the Pennsylvania State University, University Park to help faculty members and
administrators document crucial aspects of the program in order to provide guidance for those
seeking to replicate it.

SUMMARY

Students encounter STEM through the environment of a specific department and
discipline as reflected in the curriculum, classroom, laboratory, and research experience. They
also encounter the environment of STEM through interactions with faculty, staff, and peers,
unrelated to instruction, as well as in the expectations, behaviors, and beliefs of those around
them. Based on the nature of these interactions, students can be led either to adoption of a STEM
identity and to finding and thriving in a STEM community where there is affirmation and
support, or they can be pushed into isolation, disaffection, or abandonment of their goals in
STEM.

Instructional strategies that have demonstrated efficacy regardless of discipline include
more time with students engaged in active learning, and the use of formative assessment and
feedback. Significant resources have been invested in disseminating effective practices. There is
emerging evidence on the rate of change. Existing evidence makes it difficult to know what
percentage of classrooms or departments have adopted effective classroom strategies. However,
we do know that the nature of faculty appointments is associated with the learning environment
that STEM students encounter. Teaching strategies of part-time contingent faculty are less likely
to reflect the qualities of effective instructional strategies, in comparison to tenured or tenure-
track faculty. In addition, changes in instructional strategies can be difficult due to a lack of
institutional incentives for faculty to change their instructional strategies, minimal time to
research and implement evidence-based strategies, and a lack of resources to invest in evidence-
based strategies.

Although classroom reform, co-curricular programming, or integrative reforms can
address the normative STEM culture that sends negative messages to students, especially to
women and those from underrepresented minority groups, about their ability and belonging in
the disciplines, students also face barriers to earning a STEM degree that arise from
departmental, institutional, and national policies. Awareness of these barriers has become
increasingly acute as the ways that students navigate the higher education system have become
increasingly complex.
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BOX 4-1
Classroom Infrastructure

Class size and physical space can influence the extent to which faculty members apply
evidence-based teaching strategies. Research in physics (Henderson and Dancy, 2007) and
geoscience education (Macdonald et al., 2005) shows that large class sizes and the traditional
classroom space may act as barriers to the adoption of innovative teaching approaches by
faculty. Some classroom reforms call for major changes in room size and structure. For example
(National Research Council, 2012, p. 127):

[T]he Student-Centered Active Learning Environment for Undergraduate Program
(SCALE-UP) begins with a redesign of the classroom. Each room holds approximately
100 students, with round tables that accommodate 3 laptops and 9 students, whiteboards
on several walls, and multiple computer projectors and screens so every student has a
view. Students engage in hands-on activities and with computer simulations, work
collaboratively on problems, and conduct hypothesis-driven experiments. SCALE-UP
students have better scores on problem-solving exams and concept tests, slightly better
attitudes about science, and less attrition than students in traditional courses (Beichner et
al., 2007; Gaffney et al., 2008).

Another well-known reform is Studio Physics (National Research Council, 2012, p. 127):

Studio Physics redesigned teaching spaces to accommodate an integrated
lecture/laboratory course. Early studies showed little improvement in students’
conceptual understanding or problem-solving skills, despite the popularity of the
innovation. Later implementations, which added research-based curricula, resulted in
improved learning of content over traditional courses (Cummings et al., 1999; Sorensen
et al., 2006), but not always improvements in problem solving (Hoellwarth et al., 2005).
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BOX 4-2
The Partnership for Undergraduate Life Science Education Project

The Partnership for Undergraduate Life Science Education (PULSE) Project grew out of
the report on undergraduate biology education Vision and Change (American Association for the
Advancement of Science, 2011). It has focused on an inclusive, student-centered, evidence-
based teaching and learning approach. It has identified the department as the critical unit for
change. Through the work of the PULSE community, a framework for examining departmental
change for core issues, such as student metacognitive skills, authentic research experiences,
pedagogical approaches, faculty development, and assessment and the resources and tools for
initiating change in these areas have been identified.*

*For details, see http://www.pulsecommunity.org/ [April 2015]
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5
Why Students Stay or Leave:
National, State, and Institutional Policies

Major Messages

e Some institutional, state, and national undergraduate education policies present significant
barriers to students’ progress toward a science, technology, engineering, and mathematics
(STEM) credential.

e On average, the price a student pays for a STEM credential is higher than the price of a non-
STEM credential, reflecting the relatively higher cost to institutions of producing a STEM
credential, compared with a non-STEM credential.

e Academic departments can smooth students’ pathways to a STEM credential by developing
inter-institutional agreements that simplify the transfer process and support transfer students,
reducing course sequencing restrictions, reducing degree requirements and prerequisites
outside of the major, adjusting grading practices, and adopting creative solutions to improve
and reduce the need for remedial courses.

Institutional, state, and national policies can become significant barriers for students as
they follow complex pathways to earn STEM credentials (including degrees and certificates).
Given the current pattern of frequent transferring between institutions and in earning credits at
multiple institutions (either at the same time or sequentially; Hossler et al., 2012), policies
related to transferring credits are key factors in students’ progress toward a credential. Related to
this factor is the cost of earning a credential. In this chapter, we discuss the institutional and
systemic factors that affect transfer policies and costs.

Since transfer policies and degree costs are connected to institutional, state, and national
policies and practices that affect all students, not just those in STEM fields, this chapter includes
discussion of the broader policy context. When data are available, we discuss STEM-specific
aspects of transfer and degree cost and the role that STEM departments can play in addressing
issues related to these policies.

BARRIERS ASSOCIATED WITH TRANSFERRING

An undergraduate’s likelihood of completing a bachelor’s degree is much lower if the
student begins at a community college than at a 4-year institution (Alfonso, 2006; Monaghan and
Attewell, 2014; Reynolds, 2012; Reynolds and DesJardins, 2009; Stephan et al., 2009). Many
academically qualified students in community colleges who intend to transfer and earn a
bachelor’s degree never do so. Although there is limited evidence about what prevents students
from transferring, contributing factors may be lack of appropriate advice, conflicting personal
commitments, and geographic accessibility (Monaghan and Attewell, 2014). However, those
community college students who are able to transfer to 4-year institutions are just as likely to
complete a bachelor’s degree as students who initially enrolled at 4-year institutions (Melguizo
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et al., 2011). Some of this difference in bachelor’s degree attainment by students who first enroll
in a community college is due to the entry characteristics of community college students,
including academic preparation, socioeconomic status, demographic background, and levels of
parental education. The increased likelihood of part-time status at a community college also
negatively affects graduation rates (College Board, 2014).

The difference in degree completion rates between students who start at a community
college and those who start at a 4-year institution has repercussions with respect to the goal of
increasing the diversity of college graduates. Until this difference is reduced, it may be difficult
to increase the representation of underrepresented minority groups and those from low-income
families among college graduates, as these student groups are more likely to enroll at a
community college (Bozick and Lauff, 2007; National Center for Public Policy and Higher
Education, 2011). Looking at enrolled postsecondary students in 2012, 46 percent of Hispanic,
41 percent of American Indian/Alaska Native, and 35 percent of black college students were
enrolled at a community college in comparison with 31 percent of white students (National
Center for Education Statistics, 2013).

Similarly, students who reverse transfer, from 4-year to 2-year institutions, are less likely
to earn a bachelor’s degree than those who transfer to another 4-year institution: only 22 percent
of reverse transfer students earn a bachelor’s degree within 8 years of their initial enrollment.
Reverse transfer is most common among students who struggled academically in their first year
and those whose parents have less education than otherwise comparable students (Goldrick-Rab,
2006).

“Transfer shock” is the term coined in the mid-1960s (Hills, 1965) to refer to the
tendency for there to be a temporary dip (typically only lasting one semester) in the grade point
averages of students who transfer —a trend that still exists today. There is no clear single reason
for the dip. Some early research (e.g., Townsend, 1995) pointed to the tendency for transfer
students to seek support from friends and family, rather than from on-campus support services.
They also proposed that transfer students often find the 4-year institution to have higher
academic standards, be faster paced, and require a greater amount of writing than did their
community colleges (Townsend, 1995). Other researchers (Holahan et al.,1983; Laanan, 1996,
1998) have linked transfer students’ difficulties adjusting to the academic standards of 4-year
institutions to institutional differences in size, location, academic rigor, and competition among
students. Other studies have looked at social and psychological factors that might contribute to
transfer shock. In a review of the literature on transfer shock, Laanan (2001) points to differences
in campus climate and the accessibility of faculty.

The intertwined effects of time to degree and cost of degree also contribute to lower
completion rates for transfer students. The longer students extend their enrollment in college
beyond their expected graduation date (i.e., beyond 4 years for a 4-year degree), the lower are the
odds that they will graduate (Complete College America, 2011). Monaghan and Attwell (2014)
found that many students transferring from community colleges lose credits because the credits
are not approved by the 4-year institution. In their study sample, 14 percent of transfer students
had less than 10 percent of their credits accepted, and only 58 percent of transfer students had
more than 90 percent of their credits accepted. As the percentage of community college credits
transferred increased, the likelihood of attaining a bachelor’s degree also increased (Monaghan
and Attewell, 2014). In a separate study, Doyle (2006) found that when 4-year institutions
accepted all of the community college credits, 87 percent of transfer students earned a bachelor’s
degree. In addition, this study found that when many credits, but not all were accepted, the
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percentage of transfer students who earned a degree in the same amount of time dropped to 42
percent.

Institutions may be hesitant to accept transfer credits for a number of reasons. They may
question the rigor of the coursework at the institution from which the credit is being transferred,
and they may question the level of alignment between the content of courses across institutions.
In addition, institutions have begun to question how many credits a student needs at one
institution to earn a degree. For example, should students who complete their degree
requirements from university X, while only earning 40 percent (or less) of their credits from that
university, be granted a degree from university X? What does it then mean to earn a degree from
university X? However, even acceptance of transfer credit does not necessarily translate into
fewer credits needed to earn a degree. Degree requirements typically include courses in three
categories: (1) general education, (2) courses specific to a major, and (3) elective credits. If
transfer credits are classified as elective and exceed the credit requirements, then the additional
credits will not contribute to the degree and are effectively lost, even though they have
transferred. It has been estimated that the cost of credits that do not advance students toward
their degrees is over $7 billion per year (Smith, 2010).

TRANSFER POLICIES AND THEIR EFFECTS

Most colleges and universities are accredited by one of the seven U.S. regional
accreditors of higher education; a process requires them to demonstrate compliance with
standards that include published and implemented policies, procedures, and criteria regarding
transfer credit and credit for extra-institutional college-level learning. Accreditation is required in
order for a college’s students to be eligible for federal financial aid. Articulation agreements are
a mechanism for formalizing a college’s transfer credit policies and are often designed to create a
clear pathway for transfer, promote appropriate preparation for future academic work, encourage
vertical transfer (from 2-year to 4-year institutions), and maximize credits transferred, among
other goals.* As of 2014, only five states rely solely on institutional policies for articulation—
Delaware, lowa, Michigan, Vermont, and Wyoming. The other 45 states have some statewide
and system-wide transfer policies, although they vary greatly (Western Interstate Commission
for Higher Education, 2014).

The number of states with transfer policies has been steadily increasing over the last few
decades. In 1991, only 12 states had adopted statewide policies (Anderson et al., 2006); by 1999,
the number had increased to 34 (Goldhaber et al., 2008). As shown in Figure 5-1, by 2010, over
35 states had developed formal statewide transfer policies. These policies can take the form of
laws, or legislative recommendations, or they can be set by state boards (Western Interstate
Commission for Higher Education, 2014). Components often include a common core of general
education requirements, common major-specific courses, common course numbering systems,
guaranteed junior status for students who earned a 2-year degree from a community college,
online access to transfer and degree program information, upper limits on the number of required
credits for associate or baccalaureate degrees, and guaranteed or priority admission for transfer
students (Kisker et al., 2011). Transfer equivalents are be determined on a course-by-course basis
or based on common learning outcomes.

!Articulation (or course articulation) is the comparison of courses between institutions in order to determine their
equivalency for purposes of transfer credit.
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Early studies of the relationship between transfer policies and student aspirations and
outcomes failed to reach conclusive results (Roksa, 2009; Roksa and Keith, 2008). Goldhaber
and colleagues (2008) found a positive, but inconsistent correlation between stronger transfer
policies and increases in community college students’ educational aspirations and in the number
of students transferring from 2-year to 4-year institutions. However, they did not consistently
find that the states with statewide policies or stronger policy elements had the highest share of
community college students aspiring to a 4-year degree. In a subsequent analysis, Gross and
Goldhaber (2009) failed to find that any stronger policy elements had statistically significant
effects on the likelihood of 2-year students earning a bachelor’s degree.

A recent study found that the higher students’ educational aspirations were, the more
likely they were to earn a bachelor’s degree (Monaghan and Attewell, 2014). This study also
found that the percentage of students who earned a 4-year degree was slightly higher in states
with transfer agreements than in those without (56% and 51%, respectively). Similarly, among
students who reverse transferred, more earned an associate’s degree in states with formal
agreements than in states without (22% and 16%, respectively).

A review of statewide or system-wide policies (Kisker et al., 2011) considered seven
elements in four states: Arizona, New Jersey, Ohio, and Washington:

a common general education core curriculum,

common lower-division courses in the major,

a focus on credit applicability,

junior status upon transfer for associate’s degree recipients,

guaranteed or priority admission,

limits on credit requirements for both associate’s and bachelor’s degrees, and

an acceptance policy for upper-division courses that results in what is referred to as
transfer associate’s degrees.

NogakowdnpE

The authors concluded that the first four elements were critical for beneficial student outcomes in
those states.

Community college students in those states had greater flexibility and options than in
other states. Transferring to any of the participating colleges within the same degree program
was easier for students than when articulation agreements were reached on an institution-to-
institution basis. Transfer rates improved in Ohio and Washington. In Ohio, vertical transfers
increased by 21 percent between 2002 (the year before common lower-division premajor and
early major pathways were first introduced) and 2009, while enrollment only grew by 7 percent.

In addition, the review revealed that policies in Arizona and Ohio were associated with
increases in community college students’ preparation for upper-division work. For example, in
Arizona, students who completed either the state’s 35-credit general education common core
(called the Arizona General Education Curriculum) or a full transfer associate’s degree prior to
transfer had significantly higher grade point averages after two and four semesters at the 4-year
institution in comparison with students who transferred without completion of either a degree or
the general education common core.

*For their study, Monaghan and Attewell (2014) used data from the National Education Longitudinal Survey, 1988-
2000 (NELS88/2000) with the NELS 2000 follow-up and the 1999 Survey of State-Level Transfer and Articulation
Policies conducted by Ignash and Townsend (2001).
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Degree completion rates increased in Ohio and Washington, particularly for
underrepresented groups. For example, Hispanic students in Washington who participated in the
transfer associate’s degree programs had a particularly high rate of 93 percent. In Arizona and
Washington, the time to degree was reduced. In Washington State, students with transfer
associate’s degrees in science or engineering earned a bachelor’s degree with 6 fewer credits
than those who completed only the general education common core, and with 49 fewer credits
than students who had completed a technical or more traditional associate’s degree before
transferring. Finally, a separate analysis by the Ohio Board of Regents (Mustafa et al., 2010)
found that transfer activities saved the state $20 million per year, of which $7 million was
attributed to transfer associate’s degrees.

The available research indicates that statewide transfer policies, including a common
general education core and transfer associate’s degrees, represent an opportunity for increasing
the number of students who complete degrees at 4-year institutions and for other positive
outcomes as well. A roadmap of sorts is thus available to policy makers in other states who wish
to pursue programs to help transfer students and save money.

Recently, some regional accreditors have permitted a competency-based model for
earning college credits. The Council of Regional Accrediting Commissions (2015) issued a
common framework for defining and accrediting competency-based education.® Some states and
institutions believe the process of transferring credits could be improved by shifting to a model
of learning outcomes or student competencies. For example, if a 4-year institution finds that a
course completed by a community college student is missing a minor, required component, the
student could complete a short learning module and an assessment to demonstrate knowledge of
this missing competency. This competency-based approach could help reduce a student’s time to
degree and cost of degree by avoiding repetition of a course in which most of the material has
already been mastered. More evidence on competency-based models is needed in order to
ascertain the impact on transferring credits and degree completion.

As described in Chapter 3, the departmental environment can play an important role in
the experiences of students in STEM majors. Not only can departments influence faculty reward
systems, course sequence, teaching practices, and departmental culture, but they can also have an
effect on transfer policies. While statewide transfer policies and support structures can promote
the transfer of credits (see below), departmental leaders ultimately decide on whether or not to
accept transfer credits in a discipline (Austin, 2011). In making these decisions, a focus on
course learning outcomes, rather than strictly on content coverage, can increase the number of
credits accepted for transfer. One challenge is to engage faculty at 4-year institutions in the
process, since some think community college students should find their own paths into the
disciplinary major at the 4-year institution. The department chair can play an important role in
involving faculty members to actively help transfer students (Parker et al., 2014).

Some departments are redesigning academic programs and student services to create
more structured paths designed to guide students to transfer with junior standing in their
majors—and earn an associate’s degree along the way: see Box 5-1 for an example.

INSTITUTIONAL PROGRAMS TO FACILITATE TRANSFERS AND ASSIST STEM
STUDENTS

3See https://www.insidehighered.com/sites/default/server_files/files/C-
RAC%20CBE%20Statement%20Press%20Release%206 2.pdf [October 2015].
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Although most professionals in higher education would agree that forging partnerships
between 2- and 4-year institutions is valuable to smooth the transition for transfer students and
enhance their opportunities for success are important goals, actual implementation may prove
challenging. Challenges include the different cultures and missions of 2- and 4-year colleges,
perceived competition for students, and geographic separation. When they are successfully
established, such partnerships often create articulation agreements, and coordinate a wide range
of activities, including: advisements; opportunities for community college students to take
courses, attend seminars, perform undergraduate research, and otherwise participate in activities
at the 4-year institution; arranging for the 4-year institution to offer classes on the campus of the
2-year institution; and even satellite campuses, where a 4-year institution offers degrees and has
permanent faculty and staff located on the campus of the 2-year institution.

The College Board (2011), based on interviews of 21 campus leaders from 12 4-year
institutions, recommended that institutions should recognize and embrace the contributions that
transfer students make to their educational, economic, and cultural diversity and include support
of transfer students in their strategic plans. While recognizing that the needs of transfer students
are somewhat different than those of first-year students, the College Board (2011) study
encouraged 4-year institutions to provide transfer students with the kind of dedicated support that
they typically give to first-year students. That support could include outreach prior to admission
to promote better preparation for upper-level study and to create a clear transfer pathway;
aligning the curricula; dedicating financial aid to transfer students; and offering a dedicated
transfer orientation. The report also encouraged 4-year institutions to make work-study positions
available to transfer students.

One example of a college that is taking steps to smooth the transfer process is the
Onondaga Community College Regional Higher Education Center in New York, which hosts
numerous colleges offering bachelor’s and master’s degree programs.* Some of the 4-year
colleges that partner with Onondaga Community College offer joint degree programs. These
programs allow community college students to simultaneously enroll in an associate’s degree
and a bachelor’s degree program, and once they complete their associate’s degree, they attend
the 4-year institution. One example is a dual-joint degree program between the John Jay College
of Criminal Justice and Queensborough Community College, which offer joint registration and
dual admission.’

Another model is the dual degree program. One example is the partnership between
Governors State University and eight community colleges in the Chicago area. This dual degree
program, which enrolled its first cohort in spring 2011, requires students to complete their
associate’s degrees, attend college full-time, maintain good academic standing, meet regularly
with community college and university advisors, and finish both the associate’s and bachelor’s
degrees in no more than nine semesters. Community college students are eligible for guaranteed
admission at Governors State University, where they receive academic support and financial
incentives.® Alliances between community colleges and research universities can also enhance
the availability and quality of research experiences for students at community colleges (Shaffer
et al., 2010; Wei and Woodin, 2011): for an example, see Box 5-2.

*For more details, see http://www.sunyocc.edu/index.aspx?menu=851&collgrid=510&id=29053 [April 2015].
>See http://www.gcc.cuny.edu/socialSciences/criminaldustice.html [April 2015].
®See http://www.govst.edu/Academics/Degree_Programs_and_Certifications/Dual_Degree_Program/ [April 2015].
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FEDERAL AND STATE PROGRAMS TO FACILITATE TRANSFRS AND ASSIST
STEM STUDENTS

There are a number of federal and state programs that support efforts to promote the
success of STEM students who transfer among institutions. For example, the National Science
Foundation’s S-STEM program supports an innovative transfer program at Texas A&M
University (see Box 5-3 for more details). Collaborations were supported by the Career Pathways
Innovation Fund of the U.S. Department of Labor (DOL)’ and through expansion of the mission
of the DOL’s Trade Adjustment Assistance Community College and Career Training initiative
(TAACCCT).® These DOL programs encouraged partnerships between community and technical
colleges and employers in the private sector to develop scientific research and engineering
design exchanges across 2- and 4-year institutions. TAACCCT grants (awarded from 2011 to
2014) supported a broad set of reforms to improve the infrastructure of community college
workforce programs. Many grantees decided to drive reform by improving career pathways
including better transfer arrangements. The President’s fiscal 2015 budget proposed to establish
a Community College Job-Driven Training Fund as a successor to TAACCCT.

Similarly, an important element of the Advanced Technological Education Program
(ATE)® of the National Science Foundation (NSF) is the development of partnerships between 2-
and 4-year colleges--as well as among secondary schools, with some combination of businesses,
industry, and governments--in order to train technicians to meet current and future workplace
needs. In 2012, ATE projects and centers supported development of articulation agreements that
helped 2,410 students transfer between 2- and 4-year institutions. The NSF’s Louis Stokes
Alliances for Minority Participation Bridge to the Baccalaureate Alliances® Program also
supports connections between 2- and 4-year institutions in order to accelerate the transfer of
underrepresented minority STEM degree aspirants to 4-year institutions.

The National Institutes of Health’s Bridges to the Baccalaureate (BTB) Program is
designed to enhance the pool of community college students from underrepresented groups in
biomedical and behavioral sciences, with the hope that some of them will go on to research
careers in these fields. The program supports implementation of integrated plans to increase
community college students’ preparation, motivation, and skills and to increase the pool of
students who successfully transition from 2-year to 4-year institutions and graduate.

The University of California and the California State University systems have a long-
standing program, Mathematics, Engineering, Science Achievement,™* which creates
partnerships between 2- and 4-year campuses to align curricula and prepare students for the
transition to bachelor’s degree programs in STEM disciplines. Some other large state systems
have similar programs.

There are also programs designed specifically for veterans. A recent study by the
American Council on Education (2014) found that veterans currently represent about 4 percent
of all undergraduates. Of those veterans, 38 percent attend 2-year public institutions, 23 percent
attend private for-profit institutions, 19 percent attend 4-year public institutions, and 10 percent

"See http://www.doleta.gov/grants/pdf/sga-dfa-py-10-06.pdf [April 2015].

8See http://www.doleta.gov/taaccct/ [April 2015].

°See http://www.nsf.gov/funding/pgm_summ.jsp?pims_id=5464 [April 2015].

19See http://www.nsf.gov/publications/pub_summ.jsp?ods_key=nsf12564 [April 2015].
1See http://mesa.ucop.edu/ [April 2015].

Prepublication Copy Uncorrected Proofs 5-7

Copyright © National Academy of Sciences. All rights reserved.



Barriers and Opportunities for 2-Year and 4-Year STEM Degrees: Systemic Change to Support Students' Diverse Pathways

attend private nonprofit institutions. Of these veterans, 42 percent work full time, and 20 percent
are in STEM programs (American Council on Education, 2014).

Approximately 5 million post-9/11 service members are expected to transfer out of the
military by 2020, many of whom will be covered by the Veterans Educational Assistance Act of
2008 (P.L. 110-252, H.R. 2642). The law specifies that veterans who will have served at least 36
months since September 11, 2001, may receive 100 percent payment for up to 36 months for
either all resident tuition and fees for a public college or university or the lower of the actual
tuition and fees or the national maximum per academic year for a private college or university.
The percentage payment is proportionally lower for shorter military service. One concern about
the program is its maximum length of only 36 months, given the small percentage of students
who typically complete a 2- or 4-year degree on time (see Chapter 2).

PRICE AND COST OF DEGREES

As noted above, barriers to transferring can extend the time to earn a bachelor’s degree,
thus extending its direct cost to students. Whether related to transfer or not, the cost of earning a
degree is another issue that affects all undergraduate students, including those aspiring to earn a
STEM degree.

In this section, we describe what is known and not known about the price students pay for
STEM degrees relative to other degrees; the cost of delivering STEM degrees relative to non-
STEM degrees; and the extent to which differences in tuition price between STEM and non-
STEM fields affect demand for STEM majors or completion of STEM degrees. When data are
available, these topics are examined for underrepresented minority groups in STEM fields
(Hispanics, blacks, Native Americans), and women and for students from low-income families.
We begin with a brief discussion of student debt, which is closely related to issues of college
costs and prices and provides a context for the rest of the section.

Student Loans and Debt

The percentage of students receiving Pell Grants, which are need-based grants to low-
income undergraduate and certain students working on higher degrees, has increased in recent
years: it was 25 percent in 2007-2008 and 36 percent in 2012-2013 (College Board, 2014).

Unfortunately, the students most in need of financial aid may not get it, partly because
they do not complete the documentation needed to receive aid in a timely fashion. Recent
research in the Chicago Public Schools showed a strong positive correlation between completing
the Federal Application for Free Student Aid (FAFSA) and college attendance (Feeney and
Heroff, 2013). Using the Illinois Monetary Award Program as a case study, the study found that
three student characteristics were related to timely completion of FAFSA: (1) having a slightly
higher-than-expected family contribution; (2) having at least one parent who attended college;
and (3) demonstrating higher academic performance in high school.

Students who need financial aid can lose their eligibility because they exceed the
maximum amount of time to degree completion allowed by the program or because they do not
take enough credits to qualify for the program. Students in remedial courses (for which college
credits are not awarded) or who transfer are more likely to become ineligible. Student debt has
increased significantly over 10 years, even with more students receiving financial aid (College
Board, 2014). For graduates of public 4-year colleges, average debt increased by 12 percent
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between 2001-2002 and 2006—2007 (from $10,600 to $11,900 in 2012 dollars) and by an
additional 20 percent over the next 5 years, to 2011-2012 (from $11,900 to $14,300 in 2012
dollars). For graduates of private nonprofit 4-year colleges, average debt increased by 23 percent
between 2001-2002 and 2006-2007 (from $15,400 to $19,000) and by an additional 3 percent
over the next 5 years, to 2011-2012 (from $19,000 to $19,500). About 60 percent of students
who earned bachelor’s degrees in 2011-2012 from public and private nonprofit institutions
graduated with debt. These students borrowed an average of $26,500 (College Board, 2014).

Students with the greatest financial needs have lower rates of degree completion than
other students. This is not necessarily a causal relationship, as factors other than finances (i.e.,
anxiety over financial aid, precollege preparation) may contribute to completion or
noncompletion. More research is needed to clarify the relationship among financial need, degree
completion, and other related factors.

Price to the Student of a Degree

Determining and evaluating the price to the student of a college education are complex
due to variations in costs across institution types, across states, and sometimes even within
institutions (due to differential tuition, discussed below). The net price to the student of a college
education depends in part on institutional fees, room and board costs, time to degree, number of
credits required, and financial aid received.

A significant contributor to rising debt is the increasing price of college since 1999, both
absolutely and relative to other costs (Kirshstein, 2013a; see Figure 5-2). The price of a
bachelor’s degree has increased faster than the rate of inflation, in part due to rising tuition rates.
For the 5-year period between 2008-2009 and 2013-2014, the average annual tuition and fees at
public 4-year institutions increased 19 percent; for private nonprofit 4-year institutions, the
increase was 14 percent. Accompanying the increase in tuition and fees has been an increase in
borrowing—a 9 percent growth in total annual educational borrowing between 2007—-2008 and
2012-2013.

Policy makers’ attention has increasingly focused on the cost of higher education and
ways to reduce it. The most ambitious approach is in Tennessee, which enacted the “Tennessee
Promise” in 2014, a statewide initiative to provide free community college scholarships and
mentoring to all high school graduates. The initiative covers tuition costs and fees not met by
existing scholarship programs.*? More broadly, President Obama has issued a call to make
community college free across the nation.*?

The calculated price of a degree varies, depending on such factors as in-state residency,
(for public institutions), the numbers of credit hours, and range of expenses considered (e.g.,
tuition and fees, room and board). To facilitate comparing information across available studies,
the main focus here is the price of in-state tuition and fees for undergraduates enrolled full time
at public institutions (or the price of tuition and fees for full-time undergraduates at private
institutions), who have completed or are near completing a bachelor’s degree at a public or
private institution.

The net price of a degree matters the most for college access and affordability. The net
price is the price actually paid by individual students minus the amount of financial assistance

2For more information on Tennessee Promise, see http://driveto55.org/initiatives/tennessee-promise/ [June 2015].
BFor details on the President’s proposal, see https://www.whitehouse.gov/blog/2015/01/08/president-proposes-
make-community-college-free-responsible-students-2-years [June 2015].

Prepublication Copy Uncorrected Proofs 5-9

Copyright © National Academy of Sciences. All rights reserved.


http://driveto55.org/initiatives/tennessee-promise/
https://www.whitehouse.gov/blog/2015/01/08/president-proposes-make-community-college-free-responsible-students-2-years
https://www.whitehouse.gov/blog/2015/01/08/president-proposes-make-community-college-free-responsible-students-2-years

Barriers and Opportunities for 2-Year and 4-Year STEM Degrees: Systemic Change to Support Students' Diverse Pathways

received in the form of grants and tax credits. In 2012—2013, undergraduate students as a whole
received $185.1 billion in financial aid (College Board, 2013). Students received 52 percent of
this funding in the form of grants, 39 percent as loans (including nonfederal loans), and 9 percent
in a combination of tax credits or deductions and Federal Work Study grants.

Price to the Student of a STEM Degree

As shown in Figure 5-3, for students expecting to graduate during the 2007-2008
academic year (the most recent comparable data available), the average net price for a STEM
degree ranged from $7,800 for underrepresented minority students at a public 4-year institution
to nearly $30,000 for students not from an underrepresented minority group at a private research
institution.™ In the same institution type, the difference in net price paid for physical and natural
science and engineering degrees in comparison with social and behavioral science degrees was
generally small (Kirshstein, 2013b). Across all institutions, underrepresented minority students
pay less than other students, with the largest percentage difference in tuition among students at
private research institutions ($17,800 and $29,300, respectively). It is likely that
underrepresented minority students pay less than other students both because they typically come
from families of greater need (thus, more likely qualifying for tuition assistance) and because
they attend institutions with lower price tags, including minority-serving institutions, community
colleges, and less-selective 4-year institutions.

The net price for underrepresented minority students who attended public research
universities was slightly less than $10,000 (Kirshstein, 2013b). These minority students
accounted for 44 percent of STEM degree earners from public research universities. The highest
net price for underrepresented minority students was for those students who attended private, for-
profit institutions, $18,904: this price was more than $1,000 higher than the price paid by
students who attended private, not-for-profit research universities.

There are no comparable data of the net price for STEM and non-STEM degrees.
However, the average price for a STEM degree in the 2007-2008 academic year was still higher
than the price of a non-STEM degree 6 years later (College Board, 2014).

STEM Student Debt

Figure 5-4 shows the proportion of students who graduated in 2007-2008 with a
bachelor’s degree in a STEM field (other than psychology and the social sciences) with more
than $30,000 of debt. About 65 percent of all STEM majors graduated with debt, in comparison
with 60 percent for graduates from 4-year institutions in 2011-2012 (College Board, 2014). The
lowest rates of debt are among students at public research and master’s institutions, and the
highest rates of debt are among students at for-profit 4-year institutions.

As shown in Figure 5-5 (Kirshstein, 2013c), among STEM majors (in fields other than
psychology and the social sciences), larger fractions of students from underrepresented minority
groups graduated with a debt of more than $30,000 than did students from other groups. The data
for students in private bachelor’s institutions are particularly striking: 87 percent of

YThe net price of a degree was calculated as the difference between all student expenses—tuition and fees, room
and board, books and supplies, transportation, and other education-related expenses—and the sum of the grants
received.
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underrepresented minority students and 50 percent of other students had debt of more than
$30,000. In all types of private institutions, nonminority students were more likely than minority
students to be debt free. Again, the largest disparity between underrepresented minority students
and other students in amount of debt is in public bachelor’s institutions: only 6 percent of
students from underrepresented minority groups graduate with no debt, in comparison with 39
percent of other students.

Cost to the Institution of a Degree

Total spending of colleges and universities is correlated with the price that students pay
and the services they receive. Calculations of total spending typically include education and
related spending and general spending (e.g., food services and bookstores). Education and related
spending is the common metric used to measure the full “production cost” of education, but it
captures only the spending related to services and infrastructure that supports learning, which
includes: instruction, research, public service, student services (e.g., admissions, registrar
services, and student counseling), academic support (e.g., libraries and computing), institutional
support (e.g., executive management, and legal and fiscal operations), and associated operation
and maintenance. Although other measures of cost have been proposed (see Johnson, 2009),
most available data on college costs are based on education and related spending. Thus, the
discussion of cost in this section is derived from analyses of education and related spending.

Considering only those categories of costs, the estimated average cost of producing a
bachelor’s degree at a public 4-year institution in 2009 ranged from about $45,000 to $60,000 in
2009 (Desrochers, 2011). The lower estimate is conservative and includes only the cost of
completing 120 credit hours as required by most degree programs. The inclusion of classes taken
beyond those required, a situation often experienced by students who transfer institutions,
increases costs by 12 percent, to an average of $50,700. The upper estimate includes all of the
education and related costs that institutions incur (including credit hours required for a degree,
credits that exceed degree requirements, student attrition, and course offerings for nondegree-
seeking students). In 2010, the cost per degree declined at most types of institutions as costs were
cut in response to reductions in various forms of state tuition subsidies in the context of a sharp
economic downturn. However, the cost per degree was still higher than it had been 5 and 10
years earlier. Community colleges consistently decreased costs across the decade (American
Institute for Research, 2012).

Another way to analyze the cost of higher education is based on the amount spent per
full-time student per year (American Institutes for Research, 2012; see Figure 5-6). For 2- and 4-
year institutions, the costs in 2010 ranged from $9,501 for community colleges (9% more than in
2000) to $12,740 for a public 4-year institution (6% more than in 2000) to $21,126 for a private
4-year institution (12% more than in 2000) and $35,068 for a private research institution (22%
more than in 2000). Although funding from state and local appropriations for public institutions
is cyclical, the overall trend clearly has been downward. A decade ago, public funds for higher
education exceeded tuition revenues from students in public 4-year institutions by $3,000—
$5,000 per student, but by 2010, this difference was about $500 per student. The expectation for
the future is that students attending public institutions will continue to pay a larger share of their
educational costs.

An analysis by the College Board (2014) found that for the decade between 2000-2001
and 2010-2011, the percentage of institutional revenue from net tuition and fees increased from
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21 percent to 34 percent at public 2-year colleges; from 30 percent to 46 percent at public 4-year
colleges; and from 88 percent to 94 percent at private nonprofit 4-year colleges (College Board,
2014). For public institutions, these increases reflect an effort to recover revenue in the face of
reduced state and local appropriations.

Along with the downward trend in overall funding from state and local appropriations,
there are a growing number of states moving toward performance-based funding for public
institutions. This approach uses measures of institutional quality to determine the amount of
funding allocated to 2- and 4-year institutions. Performance-based funding was first implemented
by the Tennessee Higher Education Commission in 1978. By 2000, the outcomes-based model
for funding was being used in 26 states (Harnish, 2011). Newer versions of performance-based
funding are increasingly focused on outcomes deemed important by a state (e.g., graduation
rates, average wages of graduates, percentage of students with Pell Grants), and they account for
a greater percentage of institutional base funding.

Advocates of performance-based funding argue that the approach advances state goals
to improve overall levels of educational attainment and responds to the public’s desire to get
what it pays for. Some of those who argue against performance-based funding believe it is
another effort on the part of state policy makers to cut funding. While the goal of performance-
based funding is to increase graduation rates, it has been associated with no changes or negative
changes in graduation rates (Tandberg and Hillman, 2013). Others are concerned that financially
rewarding completion instead of access will penalize institutions in high poverty areas with the
students who are most at-risk, while rewarding institutions that serve a student population that is
more likely to succeed. Still others believe it will shift the mission of institutions to the point that
underprepared students will lose access or that quality will suffer in an effort to move students
through to completion.

Beyond the direct cost of producing bachelor’s degrees, the high cost of student attrition
also affects institutions’ costs. Approximately 30 percent of students do not return after their first
year (Knapp et al., 2012). Some institutions include this cost in their budgets as part of general or
overhead spending or the cost of business. This cost is borne by universities, students, and
taxpayers. Data from the U.S. Department of Education’s Integrated Postsecondary Education
Data System (IPEDS) show that between 2003 and 2008 (the latest years for which data are
available), states provided more than $1.4 billion and the federal government provided over $1.5
billion in grants to students who did not return to the institutions at which they were enrolled for
a second year. However, the IPEDS data do not show whether the students who did not return for
their second year at that institution did not continue at all or continued their education elsewhere.
Nor do the IPEDS data show whether such students enrolled at the same or a different institution
sometime later.

Cost of a STEM Degree
National data are not available on the cost of a STEM degree. Very few states and
institutions collect data on costs at the level of individual disciplines. Estimates of trends from

three states (Florida, Indiana, and Ohio) indicate that most STEM degrees (other than
psychology and the social sciences) cost more for institutions to produce than non-STEM
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degrees (Kirshstein, 2013b; see Figure 5-7).™ Degrees in engineering, engineering
technologies/technicians, computer and information sciences, physical sciences, and biological
and biomedical sciences cost more than the average cost of a degree across all fields of study,
while mathematics and statistics cost less than the average. Social sciences and psychology also
cost less than the average. Perhaps in response to these different costs, it is becoming
increasingly common for institutions to charge differential tuition for STEM majors, as discussed
below.

Differential Tuition and STEM

The convention of charging all undergraduates the same price for full-time study is
changing. The enactment of differential pricing practices in which students are charged more
tuition for upper- versus lower-division coursework, for example, has grown steadily since the
mid-1990s and shows no sign of abating (Cornell Higher Education Research Institute, 2011). In
a survey of 165 public research universities, 45 percent reported having differential pricing
policies; most of the policies had been implemented in the last decade (Nelson, 2008). A more
recent survey reported that 57 percent of public research universities had adopted differential
pricing (Reed, 2011). Also, 40 percent of doctoral degree-granting public universities had
differential pricing, with the majority assessed according to major (Cornell Higher Education
Research Institute, 2011). While some institutions have only recently begun to implement
differential tuition, some large public universities, such as the University of Illinois and the
University of Michigan, have long charged more for certain coursework or majors (Cornell
Higher Education Research Institute, 2011).

Institutions report adopting differential pricing in response to the overall rising costs of
program delivery and the need to cover more of their costs with tuition, given the reduced
financial support they are receiving from states (Stange, 2012). The relatively high cost of
offering STEM degrees is one justification provided for charging more for a STEM degree than
for other degrees. As discussed above, although there are limited national data on the cost of a
degree at the discipline level, the best available data suggest that institutions are likely to incur
more costs to deliver STEM degrees. Engineering, business, and nursing are currently the three
degrees most often targeted for differential pricing. A study of 142 large public research
universities from 1990 to 2010 showed that 50 of these institutions adopted differential pricing
for those degrees during that time (Stange, 2012).

Economists argue that the practice of differential pricing means that students are paying a
price that aligns more closely with the actual institutional cost of delivering the degree received,
thereby eliminating the subsidization of STEM degrees by students who are majoring in other
fields. It is also argued that differential tuition can better align the price of a degree with a
student’s ability to pay after graduation. For instance, engineering, science, and business majors
tend to earn more and have higher returns on their education investments than students in other
majors, such as education and humanities. Thus, students who graduate with the former degrees
are said to be in a better position to finance higher tuition fees with loans.

These costs were estimated by combining institutional-level data on educational expenditures and degrees from the
IPEDS with state-level data on discipline-level credit hour costs from the Four-State Cost Study of 28 disciplines in
public baccalaureate-granting institutions that include Florida, Illinois, Ohio, and New York (Conger et al., 2010).
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An alternative view, however, is that differential tuition may decrease participation in the
fields often targeted for higher prices, such as STEM, especially for low-income students. Given
the barrier that the price of a STEM degree can play, especially for students from families with
significant financial needs, it is important to understand what is known about how differential
tuition practices and policies may contribute to inequalities in STEM degree completion.

Many factors affect students’ choice of major, including both nonfinancial factors (e.g.,
ability, preference, prestige, preparation) and financial considerations (e.g., expected future
earnings and ability to pay). Research on the effects of differential pricing is extremely limited in
general and especially with respect to how it may interact with other factors to affect students’
choice of degree.

Some evidence from a study of students pursuing engineering degrees at two public
research universities (George-Jackson et al., 2012) suggests that financial aid initially offsets the
higher prices paid for an engineering degree as a result of differential tuition, but that the costs
increase over time, particularly for low-income students.

In a controlled survey that compared 50 public research institutions that had adopted
differential tuition for engineering, business, and nursing with similar institutions that had not,
the choice of major for women and underrepresented minority students was negatively affected
by differential tuition policies (Stange, 2013). Such results suggest that differential pricing may
deter those groups from majoring in STEM fields. They also indicate that revenues may not be
realized or costs shifted as institutions expect (Stange, 2013). However, it is important to note
that enrollment in engineering majors decreased in association with differential pricing, while
enrollment in nursing programs increased, and enrollment in business programs showed no
change.

In a study of student perceptions of differential pricing policies, the policies were viewed
as a sign of program quality, but they were also perceived as unfair (Harwell, 2013). Choice of
major for the majority of these students was not affected, however.

DEPARTMENTAL POLICIES THAT CAN AFFECT THE COST OF STEM DEGREES

A department’s policies, including sequencing of courses, degree requirements and
prerequisites outside of the major, grading policies, and remedial course work, can affect the
price that a student pays for a STEM degree.

Rigid course sequencing of many majors can increase the cost that a student pays for a
STEM degree. The classes that students need to take are not always available, or there may not
be enough space for them during the semester that they need to take the courses to meet the
required sequence and graduate on time. Students who transfer from another institution may
enter with enough credits to be considered a second-year student but may not be able to take
200-level courses until completing all of the required course work that was not taken at the
institution from which they transferred. For STEM majors, the high proportion of required
credits compared with the proportion of elective credits narrows students’ flexibility in meeting
requirements. If students cannot take the courses they need in a timely manner, it could result in
longer time at college and greater numbers of credits than actually required. Some departments
have taken steps to loosen course sequencing and reduce the number of major credit hours
required: see Box 5-4 for a description of the steps taken by one small liberal arts college.

Community colleges are also experimenting with ways to reduce the cost of a degree and
time to degree, both at the departmental level and more generally, while preparing students for
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high-demand careers. For example, the 10 community colleges that comprise the U.S.
Department of Labor funded National STEM Consortium (NSC)®® are working together to
develop a set of one-year certificate programs that meet regional industry needs. The NSC has
developed a two-part STEM bridge program to quickly and efficiently ensure that students are
prepared for the rigors of the 30-credit certificate programs. In addition, the certificates offered
through the NSC can be earned through a compressed schedule, which allows students to
complete the program quickly and be (re)deployed to an employer sooner than with traditional
college programs. After completing their certificate, students can work with NSC industry
partners to connect with potential employers in their region.

SUMMARY

Many institutional, state, and national undergraduate education policies are not well
situated to support students as they progress through the complex and varied pathways to a
STEM degree, including transferring among institutions. Research to date suggests that changing
policies to increase the transfer of community college course credits could have significant
positive effects on student retention and degree completion. Strong articulation agreements
among 2- and 4-year institutions, including common general education requirements, common
introductory courses with common numbering, and easily available access to information on
course equivalencies across institutions, can improve the percentage of courses transferred and
student success.

Regional accrediting agencies, state policy makers, and professional societies can take
leadership on requiring institutions to track and share data on their acceptance of transfer credits
and also develop and share other metrics of student success, post-transfer. These agencies, policy
makers, and societies should re-consider the current model of course-by-course articulation
based on content and overseen by individual partnerships of 2- and 4-year colleges. Changes to
support smoother transfer experiences can also be made in institutions, where department leaders
(e.g., chairs, deans) are critical actors. Departments often have the latitude to implement policies
that can smooth the transition process for students, such as policies that simplify the credit
transfer process and provide students with mentoring and other supports needed to successfully
transfer.

Undergraduate credentials and degrees in many STEM fields are widely believed to cost
more to deliver than degrees in other fields, and there is some evidence to support this belief. In
response, some institutions have instituted differential tuition policies. One study shows that
differential pricing was associated with a decline in enrollment rates in engineering and business
majors over a 3-year period, while it was associated with an increase in enrollment in nursing
(Strange, 2013). There are concerns that such policies will have a chilling effect, especially on
attracting students from underrepresented groups who already have high levels of borrowing
related to unmet financial need. Increases in the price that students pay for a STEM degree,
especially in public institutions, appear to be related to decreased support for higher education
from state and local sources.

1°For details, http://www.nationalstem.org/ [June 2015].
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FIGURE 5-1 Number of states with articulation and transfer elements, 2001 and 2010.
SOURCE: Mullin (2012, Fig. 1).
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FIGURE 5-2 Percentage change in tuition costs relative to other costs, 1999-2011.
SOURCE: Kirshstein (2013a, p. 2).
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institution.
SOURCE: Kirshstein (2013c, p. 1).
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FIGURE 5-7 Estimated cost of providing an undergraduate degree by discipline.

NOTES: * indicates a STEM field; ** indicates a field of social or behavioral science.
Institutional-level data on educational expenditures and degrees were combined with state-level
data on discipline-level credit hour costs (from Florida, Illinois, and Ohio) to construct various
measures of degree production costs. The estimates should not be interpreted as precise costs, but
the patterns and trends appear durable.

SOURCE: Kirshstein (2013b, page 14).
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BOX 5-1
Departmental Policies to Support Transfers: An Example

The Dual Admission Program (DAP) at Florida International University (FIU), which
depends on departmental transfer policies, has shown some success in supporting transfer
students seeking a STEM degree. The program’s primary mission is to increase bachelor’s
degree attainment by capitalizing on the existing collaborative relationships between FIU and its
local and regional transfer feeder institutions. DAP offers local and regional students who aspire
to 4-year degrees but who do not meet the admission criteria for FIU the opportunity to join DAP
and be guaranteed admission to FIU at a future time.

The goals of DAP are to:

* increase postsecondary educational opportunities for students and improve their
chances of attending a 4-year institution and earning bachelor’s degrees;

e support and enhance Florida’s 2+2 articulation model;

» strengthen relationships with partner colleges; and

* manage and track enrollment patterns among partner colleges.

Students agree to matriculate at one of four partner colleges—Broward College, Florida
Keys Community College, Miami Dade College, and Palm Beach State College--and to complete
the associate’s degree within 3 years. At that time, students’ transition to FIU is done through a
reactivation of their admission application. The transition to FIU is streamlined by Florida’s
Statewide Articulation Agreements and enforcement of common course numbering. DAP
students remain affiliated with FIU while attending the partner college: they receive an FIU
student ID, have access to targeted FIU resources, including academic advising; and are invited
to affinity-building events (e.g., artistic performances, lectures, athletic games). Since it was first
launched in 2006, FIU has added features to DAP, which now also includes a bridge program for
all students transferring from Miami Dade College (75% of DAP participants initially enroll at
MDC), and a host of supports for students who initially enroll at the other partner colleges.

Interviews conducted by FIU with approximately 100 DAP students revealed the
following primary themes: (1) a “safe start” at Miami Dade College, which increased their
academic confidence to transition to FIU; (2) less financial burden; (3) motivation to attend full
time given the stipulated time limit; (4) promise of a “seat” at FIU; and (5) the “feel” of the
program as one continuous experience rather than as two distinct institutions. Overall, students
took pride in identifying themselves at DAP students attending Miami Dade College. Finally,
students who worked with advisors noted that the services provided were filling information and
transition gaps.

Quantitative data collected by FIU from the 2006—2007 cohorts—who transitioned to
FIU in 2009 and 2010—revealed that 50 percent of DAP students earned an associate’s degree
within a 3-year period (673 students), in comparison with 18 percent for the non-DAP students
(257 students). DAP students also completed their associate’s degrees in less time (7.7
semesters) than their non-DAP counterparts (8.6 semesters). Interestingly, 72 percent of the DAP
participants required at least one developmental course in comparison with 33 percent of
students who declined the DAP invitation, but who still attended Miami Dade College. Taken
together, these data suggest that students who accepted the invitation to DAP, although needing
developmental coursework, appear to be highly motivated and to maintain greater momentum to
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degree attainment than their counterparts who were not in DAP, though the latter were initially
better prepared.

SOURCE: Based on material developed by Elizabeth Bejar and Mark Rosenberg at Florida
International University.
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BOX 5-2
Research Experiences for Community College Students: An Example

The Science, Technology, Engineering and Mathematics Talent Expansion Program-
University Partnership (NU STEP-UP) is a partnership between Northeastern University, two
research centers supported by the National Science Foundation, and three Boston-area
community colleges (Massachusetts Bay Community College, Middlesex Community College,
and Northern Essex Community College) to increase the number of students receiving degrees in
STEM disciplines. NU STEP-UP is focused on developing a sustainable STEM model that
provides a seamless transition between 2- and 4-year institutions. Using research as the catalyst
for engagement, NU STEP-UP is (1) creating a sustainable STEM partnership between the
university’s STEM departments and local community colleges; (2) creating a Partner Faculty
Network, with representatives from all stakeholders; (3) providing community college faculty the
opportunity to immerse themselves in a research environment; (4) providing community college
students access to extensive research experiences; (5) developing a transfer bridge program for
community college students transitioning to Northeastern University; and (6) providing academic
mentoring and research activities for all STEM students throughout the partnership.

Participants in the Partner Faculty Network are involved in working seminars, helping
them implement the latest pedagogical approaches in their own classrooms. They are sharing
innovative STEM instructional models and practice and collaborating to bring STEM courses at
community colleges in alignment with comparable courses at 4-year institutions. A multifaceted
approach to program evaluation aims to assess progress toward achieving established
benchmarks, as well as to understand the contribution of various program elements. The
evaluation plan includes (1) tracking student transfer rates, retention rates, and student
performance; (2) surveys of stakeholders, including students, faculty, and alumni; (3) focus
groups with transfer students and with faculty; and (4) cohort analysis of transfer students.
Results and outcomes are being disseminated through publications, a project website, and
presentations at regional and national conferences.

SOURCE: Information from the project’s website: https://stem-
central.net/projects/8#.VYhi2flVhBc [August 2015].
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BOX 5-3
Support for Students Who Transfer to Study STEM: An Example

A program that has shown indications of being successful in supporting transfer students
is part of the College of Science at Texas A&M University: the Transfer Learning Community
Program. It was developed from a National Science Foundation (NSF) grant program—
Scholarships in Science, Technology, Engineering and Mathematics (S-STEM).

The pilot program targeted 24 students at Palo Alto College, a 2-year institution that
primarily served a Hispanic population. Of the students in the program, 21 (88%) successfully
transferred to Texas A&M. Of the students who transferred, 18 (86%) had graduated or were on
track to graduate after 2 years. The percentage of transfer students in the pilot program who
graduated or were on track to graduate was similar among Hispanic students (83%) and non-
Hispanic students (89%).

Based on the results of this pilot, elements of the S-STEM program have been
institutionalized and scaled up for all incoming students in biology, chemistry, mathematics, and
physics, a total of approximately 120 students per year. This semester-long program is intended
to help transfer students transition to the university and increase both retention and graduation
rates.

Academic Boot Camp is the first required meeting for incoming transfer students. This 3-
hour program occurs the Friday prior to the beginning of the fall and spring semesters. Peer
mentors are successful transfer students with grade point averages of 3.5 or higher who lead each
of the three 1-hour programs describing their experiences: the first session focuses on transition
to the university, goal setting, and time management; the second session focuses on structured
study time, the importance of class attendance, active engagement inside and outside of class,
and utilization of campus resources; the final session focuses on reading syllabi, with emphasis
on key points, and preparing for exams. Following the presentations, students receive instruction
about critical learning theory on each of the above topics, followed by hands-on activities to
build their weekly study schedule, discover their learning style, and discuss campus resources
with peer mentors.

Following Boot Camp, students are required to attend three 1-hour meetings every
month. In the first meeting, peer mentors lead discussion groups about challenges and successes.
The purpose of this exercise is to link struggling students with other students who are
experiencing success. Successful study strategies are shared, and study groups for different
majors are formed. The last portion of the meeting focuses on identifying opportunities to
participate in research labs.

The second meeting concentrates on the students’ mid-term grades and an understanding
of academic standing and advising processes (dropping classes, withdrawing, etc.). During the
final session, preregistration for the coming semester is discussed, as is preparing for final
exams. Peer mentors lead focus groups to determine issues deemed to be most critical for
successful transition to the university. Retention rates rose 2 percent after each of the first 2 years
of the program. Grades for the majority of the students also improved during those 2 years.
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BOX 5-4
Departmental Changes at Colby College

When staff and leaders at Colby College recognized that course sequencing and the high
number of credit hours required in some majors caused a bottleneck for many students, they
undertook a series of steps to address the problem. First, after much debate in committees and
then by the faculty as a whole, it was agreed that no major in the college can require more than
50 percent of the credits required for graduation, including prerequisite or co-requisite courses.
For some STEM departments, only minor adjustments were required. In others, faculty had to
rethink their programs in fundamental ways to decide how to either eliminate requirements for
completion of specific courses or to combine expected outcomes so that students could complete
the requirement through alternative pathways.

Second, the college changed its graduation requirements, which had included three
elements: requirements for the major, other all-college requirements (such as English
composition and a course in mathematics), and at least two courses in fields outside a student’s
major. In the new system, in addition to limiting the number of credits required for a major,
students had to be exposed to various areas of knowledge, such as natural science, fine arts,
diversity, and quantitative reasoning. At the same time, faculty members modified some of their
courses to satisfy the new requirements. For example, a course in logic in the Department of
Philosophy might satisfy the requirement for quantitative reasoning if appropriately constructed.
Similarly, a course in biology that focused a significant component on discussions of gender
might be considered as addressing diversity.

Third, individual departments reorganized some of the requirements for majors to allow
more flexibility. For example, the Department of Biology revised a set of rigid requirements for
biology to a program that required (1) the introductory course sequence, (2) one course each with
lab that focused on three broad areas of biology (molecular/cellular, organismal, and population),
and (3) an additional upper-level course. This change in emphasis allowed students to pursue a
broader array of pathways through the major and provided them with opportunities to both focus
on areas of biology that were of special interest to them while also acquiring the breadth of
knowledge that would prepare them for more advanced study, teaching careers at the K-12 level,
or other biology-related positions requiring a bachelor’s degree. Such an approach can also
engender faculty discussion about broad issues--such as “what do WE as a department want our
students to know and be able to do once they complete our major?”--rather than focusing on
outcomes primarily at the level of individual courses (see, e.g., National Research Council,
2003).
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6
Leading and Sustaining Change

Major Messages

e For reforms in science, technology, engineering, and mathematics (STEM) to have systemic
and lasting effects, they should be tied to broad-based efforts to improve education.

e Lasting change most often occurs when reform strategies include supporting learning
communities and networks aimed at creating leaders and change agents who can scale up and
sustain changes; developing intensive national and regional ongoing programs; building
faculty and academic leader capacity to use data to create and improve reform efforts; and
creating intermediary organizations or supporting a coordinating entity.

e To understand better the effect of systemic reform efforts, research will need to focus on
reform strategies that are conceptualized broader than just instructional reform and that
examine the interlocking qualities of student success (including preparation, advising,
supplemental instruction, pedagogy, faculty culture, and articulation between 2- and 4- year
institutions).

The complex pathways identified in Chapter 2 require many different interventions to
support student STEM learning at all levels and among different groups—nby departments,
institutions, business and industry partners, as well as by accreditors and state legislators. As
described in Chapter 3, institutions, departments, and professional organizations can take steps to
improve the academic culture and instructional practices that students encounter. Chapter 4
details the policies that contribute to or inhibit students’ pathways to STEM degrees. In Chapter
5 we also review the cost and price factors that affect students’ progress. The many factors
involved in STEM education argue for a systems approach to change, at the institutional level for
issues related to articulation, at the federal level in terms of funding support, and at the
disciplinary level for issues related to rewards and values among faculty. This chapter reviews
research on a systems approach to change in higher education and forms the basis for the
committee’s conclusions and recommendations.

STEM REFORM EFFORTS TO DATE

The empirical research summarized below illustrates that almost all research related to
improving STEM education in 2- and 4-year institutions has had a narrow focus on faculty
pedagogy rather than a systems-level approach (Austin, 2011; Fairweather, 2008; Henderson et
al., 2011), and there has been very little research on other issues addressed in this report, such as
differential tuition or articulation agreements. Overall, STEM reform has been very narrowly
considered, primarily focused on in-classroom innovation and the teaching-learning process,
which also relates to the narrow way it has been studied as instructional reform (Fairweather,
2008). Drawing on the work by Seymour and Hewitt (1997), much of the research agenda
outlined in reports by the National Research Council (see, e.g., 2003a,b, 2012) or sponsored by
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the National Science Foundation (NSF) has focused on reforming STEM instruction in the
college classroom. Fairweather (2008) and others note improved classroom instruction addresses
only part of the laundry list of problems in STEM education, including the STEM “pipeline,”
partnerships with business and industry to improve success in the professions, student advising,
and other areas that have largely been ignored when considering change (see Anderson et al.,
2011).

Research focused on why STEM reform efforts (particularly curricular and pedagogical
innovation) have been so slow to show any effects has identified several barriers to scaling up
known positive teaching approaches and curricular alterations. One of the most significant
barriers to reform is that most efforts have been focused on individual faculty diffusion of
practice, ignoring the context and ecology in which faculty work, as well as other factors that
affect student success (Austin, 2011; Fairweather, 2008; Henderson et al., 2011). The NSF and
other funders have largely supported individual faculty researchers to conduct curricular and
pedagogical reform projects to provide evidence of efficacy. By disseminating the results of the
research in a report or workshop, it was assumed other faculty would adopt the practices that
support student success (Beach et al., 2012). Yet, after 30 years of funding individual faculty and
disseminating results in research journals and at conferences, there has been no systematic
adoption of the practices developed through these funded projects (Austin, 2011; Fairweather,
2008), and there are no nationally representative data available to track instructional practices at
all 2-year and 4-year institutions.

SYSTEM-LEVEL APPROACHES TO CHANGE IN STEM EDUCATION

In this section of the report, we summarize the limited empirical research about system-
level change in STEM to support student success. However, because the research focus in STEM
has been quite narrow and does not touch on many of the issues identified in this report, we also
draw on research outside of STEM about systemic change.

As detailed in Chapter 3, instructional reforms are typically carried out by individual
faculty and at the department level. Only recently have a small number of universities begun to
engage in cross-institutional efforts, many of which have been encouraged by other large-scale
groups like accreditors, national higher education associations, or disciplinary societies, which
can help support sustained change.

Also recently, some efforts have begun to work across larger institutional units, such as
across departments or departments working with disciplinary societies. In addition, higher
education associations, such as the Association of Public and Land-grant Universities (APLU),
the Association of American Universities (AAU), and the Association of American Colleges and
Universities (AAC&U), have initiated efforts to improve undergraduate STEM education across
their member universities and colleges.

One such effort that worked with disciplinary leaders to transform departments nationally
is the Strategic Programs for Innovations in Undergraduate Physics (SPIN-UP) project of the
American Physical Society. The disciplinary leaders conducted case studies of departments that
had been successful in supporting and graduating students and whose enrollments had grown in
recent years.

The researchers identified characteristics of model departments, and these characteristics
were broadly shared across the country. Those characteristics included advising, opportunities
for undergraduate research, revised courses, and, especially, introductory courses, faculty
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culture, and the socialization and preparation of students (Hilborn et al, 2003). This approach
helped shape a transformation of physics departments nationally, which in turn increased
enrollments and student success over time (Hilborn, 2012). The SPIN-UP example also
demonstrates that earlier efforts aimed only at teaching ignore other factors critical to student
success. Through the American Society for Engineering Education (ASEE), engineering has a
long history of periodically examining the state of education and proposing system-level
changes, dating back to the Mann Report (American Society for Engineering Education, 1918)
and including the Grinter and Green reports (American Society for Engineering Education, 1955,
1994) and Creating a Culture for Scholarly and Systematic Innovation in Engineering Education
(American Society for Engineering Education, 2012). Another effort in engineering resulted
from pressure by the disciplinary accreditor (ABET), which led to national curricular and
pedagogical changes (Lattuca et al., 2006). Working with accreditation helped to scale up the
changes. The adoption of engineering education outcomes (Engineering Accreditation
Commission of the Accreditation Board for Engineering and Technology, 1997) by engineering
schools has been considered one of five major shifts in engineering education in the past 100
years (Froyd et al., 2012). Also, NSF funded the Center for the Advancement of Engineering
Education project that conducted research on engineering student pathways, engineering
educator teaching practices, and methods to build capacity in the field to conduct engineering
education research. Both findings and tools developed from this research have been used to
improve engineering teaching at institutions across the country (Atman et al., 2012).

AAC&U’s Keck/PKAL STEM Education Effectiveness Framework Project! has
developed an institutional change framework to help campus leaders translate national
recommendations for improving teaching and learning in STEM into scalable and sustainable
actions. The framework also addresses other supports that have been recommended, such as
advising, co-curricular programs, and transfer policies. Participating campuses in California
contributed to the development of an institutional readiness audit and a rubric with
benchmarking tools that colleges and universities can use to measure their effectiveness in
promoting more learner-centered campus cultures in STEM. Results from the project
demonstrated that campuses that used the framework were able to make more progress on their
change efforts (Kezar et al., in press). These tools are intended to guide campuses through
program, departmental, and, eventually, institutional transformation. The project pays specific
attention to program and institutional data that can be used to evaluate student achievement,
experiences, and progress (e.g., rates of transfer, retention, and completion) with a focus on
minority student success. This project developed a framework to take research findings from this
and other reports that can be put into action.

SPIN-UP, the ABET criteria, and AAC&U’s Keck/PKAL have undergone systematic
study. Other efforts are currently under way but have not been studied, and we review some of
these, which demonstrate the rising understanding that STEM reform needs to work
institutionally and across multiple institutions in order to scale up reform. The Bay View
Alliance (BVA), the AAU, and the APLU have each created programs to implement and sustain
systemic reforms across a number of institutions of higher education, and are connected to other
programs.

The BVA is a consortium of research universities carrying out applied research on the
leadership of cultural change for increasing the adoption of evidence-based teaching practices.?

For more details, see http://www.aacu.org/pkal/educationframework/index.cfm [June 2015].
“For details, see http://bayviewalliance.org/ [February 2015].
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The BVA does not focus directly on teaching methods; instead, it addresses issues related to
leadership, motivation, organizational culture, and change management that support and sustain
improved teaching practices. The work occurs in research action clusters that conduct research
while member universities implement projects. Members of the consortium work together to
identify and evaluate more effective ways for university leaders at all levels to inspire and enable
improved teaching and learning. Research about the efficacy of the BVA is promising but just
beginning.

The AAU Undergraduate STEM Education Initiative® seeks to achieve systemic and
sustained improvements in STEM learning at its member institutions, which are major public and
private research universities. The initiative supports 8 institutions directly, and14 others focused
on improving STEM education as members of the AAU STEM Network. The goals of the
initiative include helping institutions assess the quality of STEM teaching on their campuses,
share best practices, and create incentives for their departments and faculty members to adopt
effective teaching methods. The initiative has developed a framework for systemic change
designed to help institutions assess and improve the quality of STEM teaching and learning,
particularly during students’ first 2 years of college. A demonstration program at a subset of
AAU universities is implementing the framework and exploring mechanisms that institutions and
departments can use to train, recognize, and reward faculty members who want to improve the
quality of their STEM teaching. By 2017, data will begin to be available about the results of the
project.

APLU’s Science & Mathematics Teacher Imperative (SMT1)* works with public
universities to increase the number and improve the quality and diversity of science and
mathematics teachers they prepare. SMTI has developed an “analytic framework” that allows
faculty and administrators to analyze policies, processes, and practices that support effective
preparation of science and mathematics teachers. An understanding of the factors required for
sustained institutional change, including top leadership commitment and faculty ownership, is
key to SMTI efforts on campuses.

The AAC&U, AAU, BVA, and APLU have partnered with the American Association for
the Advancement of Science and the National Research Council to create the Coalition for
Reform of Undergraduate STEM Education. The coalition’s goal is to bring about widespread
implementation of evidence-based practice in undergraduate STEM education. The coalition will
share data and approaches, monitor progress nationally on metrics and models for institutional
change, analyze for gaps, encourage action on gaps, and work to attract funding to this agenda.
The coalition is also working to build ongoing capacity within the several partner organizations
and their respective STEM educational programs to advance the adoption of evidence-based
STEM practices on college, university, and community college campuses.

In addition to the primary outcome of using exchange of information to strengthen the
ongoing work on members’ initiatives, specific outcomes of the Coalition for Reform of
Undergraduate STEM Education have included preparation of an initial matrix of relevant
national-level activities and a meeting of practitioners and funders, supported by the Research
Corporation for Science Advancement and the Sloan Foundation.® The meeting explored ways to
deepen and scale needed reforms. Moving forward, the Coalition will strive to focus on mapping

*For details, see https://www.aau.edu/policy/article.aspx?id=12588 [February 2015].

*For details, see http://www.aplu.org/page.aspx?pid=2776 [February 2015].

°For a summary of the meeting, see Achieving Systemic Change at https://www.aacu.org/pkal/sourcebook [June
2015].
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the space for reform and promoting commitment to the systemic changes needed to achieve
widespread implementation of evidence-based practices.

In line with research on organizational reform (Austin, 2011; Fairweather, 2008;
Henderson et al., 2011; Kezar, 2011; Manduca, 2008), the efforts of BVA, AAU, AAC&U, and
APLU are designed to create change at multiple levels (institution, discipline and department,
and program), rather than focusing on individual faculty or even single departments. The design
of the reform efforts is in line with research showing how through departments, leaders can
reshape entire curriculum and create professional learning communities focused on new
pedagogy (Austin, 2011; Fairweather, 2008; Henderson et al., 2011; Kezar, 2011; Manduca,
2008). The reform efforts also align with research findings that illustrate the importance of
conceptualizing STEM reform as part of a complex ecology—departments, institutions,
disciplines, national organizations, foundations, accreditors, state policy makers, and other
groups that can be leveraged for change (Austin, 2011; Kezar, 2011; Zemsky et al., 2005).

Both SPIN-UP and engineering reforms through ABET also highlight how changes in
teaching should not be seen in isolation and that success for students means examining student
support, departmental climate, and other issues. While these two initiatives did not focus as
directly on institutions as the site for change, they allude to many issues related to student
success that are beyond departmental control and would require, instead, institutional policies
(around incentives, for example), practices (e.g., values supported by awards), and leadership to
create meaningful changes for student success.

In addition to the inherent flaw in the narrow approach to scaling change by simple
dissemination of information about good practice, there are other identified barriers in
institutions to STEM reform that have led to systemic reform strategies. Those barriers are
related to how institutions relate to each other and how they affect society. For example, a
collaborative effort to scale up a developmental mathematics reform movement in Texas, the
New Mathways Project,® focused on how the various institutions with a stake in higher education
in Texas (state governments, colleges, funding organizations) interact with each other. A major
finding from this work was that many institutions are optimizing for legitimacy (or to be
perceived as authoritative) rather than for quality (Rutschow et al., 2015). Since institutions tend
to seek prestige and status and to copy their peers, incentives for change include making teaching
and student success a measure of prestige as is being developed in the AAU initiative. The AAU
initiative also tries to create groups of peers or networks that will influence each other over the
long run.

Both the National Science Foundation and the Howard Hughes Medical Institution have
funded projects intended to catalyze change at the institutional level. These projects show
promise for models that could be adopted or adapted at multiple institutions and can lead to
large-scale change.

As discussed above, there are many barriers to change. In a meta-analysis of studies of
STEM reform, Henderson and colleagues (2011) identified incentives, reward systems,
disciplinary values, and institutional support as key barriers. However, none of the studies they
reviewed addressed whether strategies to overcome these barriers--such as new recognition and
reward systems--had led to positive change. In addition to barriers (see Fairweather, 2008), there
are factors that can influence adoption of new teaching techniques, such as faculty workload,
faculty rewards, sequence of courses in curricula, leadership, and resources. Fairweather (1996)

®This is a collaborative effort among the Dana Center at the University of Texas at Austin and the Texas Association
of Community Colleges.
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provides evidence that the reward system systematically continues to devalue teaching for people
in tenure-track positions in 4-year and graduate-level institutions, a major detriment to change.
Furthermore, the increased use of part-time faculty to teach introductory STEM courses also
inhibits reform as faculty are cycling in and out of classes (Kezar, 2013).

Looking across the available research, four major weaknesses in previous reform efforts
have been identified:

1. focusing too narrowly on individuals rather than the entire system, which leads to
small-scale and short-lived changes;

2. not leveraging multiple levels—individual, department, institution, disciplinary
society, business and industry, government and policy—for change;

3. focusing too narrowly on pedagogical and curricular changes while not also
considering other aspects related to student success; and

4. focusing on asingle area, such as undergraduate research, rather than looking at the
entire system.

OPPORTUNITIES IN STEM REFORM

There has been relatively little research to provide guidance on what factors promote
reform, both generally and specifically in STEM. As noted above, studies have been framed so
narrowly that a complex array of student success factors has been tried in few situations and
rarely studied.

In their meta-analysis of approaches to reform (related to pedagogy and instruction),
Henderson and colleagues (2011) identified four categories of approaches to change that suggest
directions for moving forward: (1) disseminating curriculum and pedagogy, (2) developing
reflective teachers, (3) enacting policy changes, and (4) developing a shared vision. However,
STEM education researchers largely write about change only in terms of disseminating
curriculum and pedagogy, and this strategy has led to minimal change. While this strategy has
poor efficacy, Seymour (2001) points out that one reason that it may persist is that it is often
reflected in proposal requirements of funding agencies.

The least used strategy for change found by Henderson and colleagues (2011) (only 8
percent of articles they reviewed) with the most efficacy is developing a shared vision for the
change, often through the creation of learning communities, organizational learning processes,
and/or culture change (see below). Moreover, most studies of change provide minimal evidence
to support whether the change strategy worked. For example, only 21 percent of the articles that
reported on implementation of a change strategy were categorized as presenting strong evidence
to support claims of the success or failure of the strategy. They conclude (Henderson et al., 2011,
p. 1): “[T]he state of change strategies and the study of change strategies are weak, and that
research communities that study and enact change are largely isolated from one another.”

Effective instructional change strategies have the following characteristics: they are
aligned with or seek to change the beliefs of the individuals involved; they involve long-term
interventions, lasting at least one semester and often longer; they require understanding a college
or university as a complex system, and they design a strategy that is compatible with this system.
In the rest of this section, we present findings from other higher education research that
documents approaches to creating systems-level and sustained changes focused on learning
communities, organizational learning and data-driven decision-making, and faculty development.
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We also consider issues of institutional support, multilevel leadership, and multifaceted
approaches to change. It is important to note that many of these strategies are aimed at cultural
change, and in recent years there has been growing awareness that enhancing STEM learning
environments requires a change in the values and beliefs of faculty and academic and
disciplinary leaders.

Learning Communities

Various studies in higher education support the idea that changing individual belief
systems through discussion and deliberation is important to change and for scaling up
interventions (Gioia and Thomas, 1996; Kezar, 2001, 2012, 2013). By changing faculty and staff
beliefs, changes are deeper and sustained (Kezar, 2012). One way to support changes in beliefs is
learning communities and reform networks.

Most research on learning communities has been conducted on K-12 education, but there
IS a growing research base that faculty learning communities also lead to change in practice and
work to scale up changes across departments (Quardokus and Henderson, 2014). Kezar and
Gehrke (2015) found that large national STEM reform networks have the potential to spread
reforms across thousands of faculty, as well as help them become change agents who can reshape
departments and colleges (see also American Association for the Advancement of Science,
2015).

Learning communities reflect the characteristics found in the Henderson and colleagues
(2011) meta-analysis: they engage individuals in changing beliefs, over a long time, and help
faculty members understand barriers and facilitators for change in their institutions. When
designed appropriately, these networks can help spread and sustain change. There have been few
efforts to create regional or national learning communities for STEM reform, but research on
reforms in higher education outside STEM suggests that networks and learning communities
have been among the most significant vehicles for scaling up such changes as service learning or
undergraduate research (Kezar, 2011, 2013; Smith et al., 2004). The importance of learning
communities is also demonstrated in Kezar’s research on the three key qualities that lead to scale
in higher education: provide opportunities for sustained deliberation of change; support ongoing
networks and communities for change agents; and develop intermediary organizations to provide
incentives, support, and rewards (Kezar, 2011). The creation of learning communities develops
both networks and opportunities for sustained discussion, two of the critical elements that can
lead to large-scale change. Centers for teaching and learning can also offer an institution-based
tool/resource to support these changes.

Organizational Learning and Data-Driven Decision Making

While STEM reform research has until recently ignored organizational and institutional
approaches to change, the notion of learning communities can be connected to research about
organizational learning (Fulton and Brinton, 2011). Learning communities essentially provide
opportunities for groups to learn and change together. When this group approach to learning is
institutionalized and expanded into the larger organization, it is labeled organizational learning.
Organizational learning has been identified in the broader literature on change as one of the most
robust strategies for creating change (Kezar, 2001, 2013; Smith, 2015; Sturdy and Grey, 2013).
Organizational learning is a key way to address change since the STEM education problems will
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vary by institution, and no one can know all the individual issues affecting policy or culture
(Kezar, 2013). The introduction of “broader impacts” as one of the review criteria for award of
NSF research and education funding has led some institutions to construct institution-level
infrastructure (capacity) to support principal investigators. Various units within NSF provide
examples of efforts that would fall into the category of broader impacts. Efforts to use the
examples from NSF to build “local options” that build on institutional and principal investigator
assets have been a powerful driver for change in some institutions.

In general, research on change suggests that organizational learning promotes change by
helping prompt doubt in people about their beliefs by presenting data and evidence to guide
decision making and thinking (Kezar, 2001, 2012; Senge, 1990). Organizational learning also
helps create context-based solutions. For initiatives on student success, research has
demonstrated that collecting and analyzing data on students by differences in demographics,
majors, course-taking patterns, and pathways and using these analyses to develop interventions
has helped increase student success (Bauman, 2005; Bensimon and Malcom, 2012). Chapter 2
detailed the complex pathways in STEM education. Institutions also need to collect and review
data about their own students in order to develop appropriate interventions. Data-informed
decision making is not without challenges as many organizations lack the infrastructure to
collect, aggregate, and interpret the needed data. In addition, data-driven decision making is
complicated by the need to focus on success of all students, which would require examining
system changes from a variety of perspectives. The recent initiatives noted above, such as the
AAU and AACU/Keck Framework projects, use data, metrics, and organizational learning to
develop appropriate policies.

Faculty Development

Research studies also support the role of robust faculty development efforts to improve
STEM education. Policies created at the national, regional, or institutional level are particularly
important for changing faculty instructional practices. As an example, the Physics and
Astronomy New Faculty Workshops (NFW) program, sponsored by the American Association of
Physics Teachers, American Physical Society, and American Astronomical Society, and
supported by NSF, has offered 17 workshops, each lasting 3 or more days. There is strong
evidence to suggest that the NFW program has been very successful at increasing participant
knowledge about research-based instructional strategies and motivating participants to try these
strategies (Henderson et al., 2012). In a national survey of randomly selected U.S. physics
faculty, those who had attended NFW had the largest correlation of 20 personal and situational
variables indicating a respondent’s knowledge about and use of at least one research-based
instructional strategy (Henderson et al., 2012). But the survey results also show that faculty
members who attend professional development but then return to their campuses to find an
unfavorable environment for change do not continue reforms.

The AAU, AACU, and Bay View Alliance projects all build on this research and
incorporate in-depth faculty development programs into their projects. Faculty development
efforts from these organizations also seek to foster a more supportive environment or climate
within STEM departments. Institutional-level efforts, such as centers for teaching and learning,
can also support a more favorable environment for reform.
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Institutional Support

Findings from Fairweather (2008) and Austin (2011), among others, suggest that creating
change mechanisms like learning communities or offering professional development without
addressing the incentive system and values in academia will largely result in only short-term
change. This research suggests even if good practices and changed beliefs are spread, they are
unlikely to be sustained if the overall culture and structure of the institution does not support
changes. Although there are no long-term studies of whether changes supported by learning
communities remain over time, the implication from Fairweather (2008) and Austin (2011) is
that current practices are divorced from addressing systemic barriers and will not be successful.

Some, but not all, learning communities address institutional barriers. Organizational
learning approaches simultaneously try to identify and address both barriers and solutions. But
change efforts aimed at addressing systems barriers, such as rewards for teaching that are
embedded into the recent AAU Initiative, are likely pivotal to scale change. Leadership on
campus is critical to engage to change reward and incentive systems.

Multilevel Leadership

Research on change in colleges and universities demonstrates that systemic change
occurs when leaders across multiple parts of the system work in concert toward a solution
(Kezar, 2013). The type of changes outlined in this report will likely not be initiated and
sustained unless there is leadership capacity at multiple levels. Leaders can shape and change
incentives and rewards, and create more robust systems to enhance data-informed decision
making. Leaders are critical to altering the culture by reshaping values and what is considered
normative.

Department chair leadership programs have been shown as instrumental to other types of
STEM changes, such as getting more women and underrepresented minorities into STEM
disciplines as faculty (Rosser, 2009). Chairs can help implement support for students at the
departmental level and support instructional and curricular changes. Individual campuses are
increasingly offering chair training because they recognize that these individuals are critical to
policy implementation, but recent studies (McClelland and Holland, 2015; Quardokus and
Henderson, 2014) also demonstrate their role in change.

Deans, provosts, presidents, trustees, and regents are needed to examine policies around
tuition, articulation, and course credit. Institutional leaders are known to be significant players in
implementing changes, but they are not generally brought into STEM reform efforts (Kezar,
2013). Pressure from external players such as accreditors, legislative bodies, government
agencies, and business and industry leaders has also been instrumental and can be used as a lever
for STEM reform (Eckel and Kezar, 2003).

Disciplinary leadership is needed to examine ways that professional societies can
encourage support for improved teaching, new instructional methods, and strategies to increase
student success rates. Disciplines set norms about who is considered a scientist or engineer, and
many disciplines may remain unwelcoming places for some STEM students. Disciplinary
leadership has been studied less than institutional leadership, but even the STEM research
examples above (e.g., SPIN-UP and the ABET criteria) demonstrate the role leaders have played
in certain fields.
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The creation of a national group, network, or organization that would bring together
STEM reform leaders could help in fostering changes in STEM education at a high level.
Organizations such as the Council for Undergraduate Research and Campus Compact bring
together leaders across multiple parts of the enterprise in support of these practices. Research
demonstrates that interaction has furthered the spread of these practices (Hollander and Hartley,
2000). The recent development of the Coalition for Reform of Undergraduate STEM Education
will further increase collaboration among various STEM reform efforts and reform advocates.

Capacity for leadership could be provided through disciplinary societies, national
organizations, and individual institutions. For an example of the latter, see Box 6-1. Project
Kaleidoscope has a Summer Leadership Institute for department chairs, faculty, and other
academic leaders to help them in working to create needed changes. A few disciplinary societies
(e.g., American Society for Engineering Education, American Physical Society) have also
created leadership development initiatives (see Chapter 3). Studies of leadership development
demonstrate the value of understanding the local (institutional) context and the value of learning
from individuals in other contexts that can provide a broader (disciplinary) perspective and
national view on issues. Both kinds of opportunities are likely the most beneficial.

Leadership for change might be encouraged through the development of a prestigious
prize or honor created that is given to a campus or department for exceptional leadership to
support student success in STEM. A foundation, association, or agency might be encouraged to
develop an award similar to the American Mathematical Society’s Award for an Exemplary
Program or Achievement in a Mathematics Department.® Awards have been found to motivate
changes among leaders and alter cultural norms (e.g., the Baldridge and Aspen awards). Awards
can also draw attention among the multiple levels of leadership in the system and create a sense
of focus for change.

Multifaceted Approaches to Change

As noted above, STEM reform change studies have generally not examined multiple
factors at the same time—undergraduate research, advising, and instructional reform. As a result,
there is no evidence on whether addressing multiple factors leads to greater student success.
However, research in higher education on student success initiatives outside of STEM
demonstrates that a multipronged strategy for addressing student success leads to greater
persistence and higher rates of retention and graduation for students (Bean, 2005; Braxton, 2000;
Kuh, 2008; Tinto, 2006). Thirty years of research on student retention and success demonstrates
that student success is a complex puzzle that requires attention to college preparation and
transition, advising, financial aid, faculty-student interactions, faculty’s use of high-quality
pedagogy, articulation and transfer polices, engagement in high impact practices, and the like
(Bean, 2005; Braxton, 2000; Kuh, 2008). While not every approach may be addressed in each
reform effort, focusing more broadly across institutional factors (culture, faculty teaching,
financial aid, articulation and transfer) and enterprise factors (rewards, disciplinary norms,
prestige seeking, competition between institutions) will likely lead to greater student success
over time (Tinto, 2006).

"This is a project of the AAU. For details, see https://www.aacu.org/pkal [June 2015].
8For details, see http://www.ams.org/news?news_id=2632 [July 2015].
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SUMMARY

In this chapter we illustrate the need for reform efforts to address systemic barriers of
disciplinary and institutional value systems. Systemic and lasting reform in education, including
STEM education, requires an approach that addresses multiple levels of leadership: department,
institution, discipline, government, and business and industry.

Strategies for successful undergraduate STEM reform that emerge from the available
research include supporting learning communities and networks (disciplinary, national, and
regional) that help change faculty belief systems and practices and that are aimed at creating
leaders and change agents who can scale up and sustain changes; developing ongoing national,
regional, and disciplinary faculty development programs; providing faculty and academic leaders
the capacity to use data to create and improve reform efforts; and creating intermediary
organizations or supporting a coordinating entity, such as the Coalition for Reform of
Undergraduate STEM Education, to focus and support reform.

To better understand the effect of such reform efforts, research is needed on reform
strategies that are broader than just instructional reform and that examine the interlocking
qualities of student success, which include preparation, advising, supplemental instruction,
pedagogy, faculty culture, and articulation between 2- and 4-year institutions. A shift toward
funding and studying reform efforts that focus on multiple levels could yield significant benefits
for all who are involved in undergraduate STEM education.
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BOX 6-1

Undergraduate STEM Reform at Georgia State University

In his opening remarks at the Vision and Change event held on August 28-30, 2013,
Mark Becker, president of Georgia State University (GSU), noted that national policy makers
believe 60 percent of the populace needs to have a college education if the nation is to maintain
its competitive advantage in the new global economy. Currently, less than 30 percent of the
population meets this goal, so something needs to change. In the case of GSU, Becker knew that
to improve its graduation rates (which had been at 32 percent), the university had to become
more inclusive and more committed to student success, and everyone on campus had to bring a
sense of urgency to the task at hand.

To this end, GSU spent close to a year developing a 5-year strategic plan, and testing a
variety of approaches that could achieve these goals. Throughout the process, campus
administrators collected and analyzed data so that documented successes could be scaled up
immediately. For example, the use of trained peer tutors and freshmen learning communities
showed positive results, so GSU leaders introduced peer tutors into every class that had high
failure or withdrawal rates and required all entering freshmen to join a learning community
unless they specifically requested to opt out.

GSU also addressed the financial issues that often force students to withdraw, helping
undergraduates secure or regain scholarships or providing small grants to encourage students to
attend courses on how to manage their time and finances, while improving their study skills. The
campus also centralized its advising structure so that students had opportunities to meet with
trained advisers who could help keep them on a path towards graduation.

A summer success program for underprepared students then concentrated all of the
successful campus initiatives—e.g., peer tutoring, study skills development, and learning
communities—into one intensive summer experience conducted before students began their
freshman year. This program helped prepare new students for the rigors of college-level work,
and participants subsequently performed as well as their better-prepared peers. As a result,
graduation rates at GSU have improved from 32 percent to 54 percent in just 3 years.
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7
Conclusions and Recommendations

Students who enter college to earn a 2- or 4-year degree in an area of science, technology,
engineering, and mathematics (STEM) face many barriers in the multiple pathways to degree
completion. The pathways that students are taking to earn STEM degrees are diverse and
complex, with multiple entry and exit points and an increased tendency to earn credits from
multiple institutions. The barriers students face differentially affect students from
underrepresented minority groups and women, as shown by the lower rates of degree completion
by black, Hispanic, and female students. The barriers are particularly difficult to overcome for
students with limited experience with and knowledge of higher education in general and of
STEM fields in particular, such as first-generation students and many of those who are eligible
for Pell grants. The undergraduate student population has undergone significant shifts, and
undergraduates who aspire to earn STEM degrees are much different than their counterparts 25
years ago. The percentage of women and students from underrepresented backgrounds who are
interested in STEM degrees has been on the rise (National Science Board, 2014). The number of
students attending undergraduate institutions who have previous work experience, have taken a
semester or more away from college, and have families is also increasing (National Center for
Education Statistics, 2013). And as noted throughout this report, students interested in STEM
degrees are navigating the undergraduate education system in far more complex ways than
previously. Increasingly, students, including those seeking STEM degrees, are combining credits
from multiple institutions to earn a degree, are transferring from 2-year to 4-year institutions
(often without completing a degree or certificate program), are transferring from 4-year to 2-year
institutions, are enrolling at multiple institutions both simultaneously and sequentially, and are
taking college credit in high school through dual enrollment and advanced placement courses
(see Eagan et al., 2014; Salzman and Van Noy, 2014; Van Noy and Zeidenberg, 2014).

In the face of these changes in the student population, the committee found that—
although there are some notable exceptions--postsecondary institutions, STEM departments,
accrediting entities, and state and federal education policy have been slow to adapt. Although
there are many small- and larger-scale efforts to remove the barriers that students face, we find
that the underlying causes of these barriers need to be addressed much more deeply and
systematically for widespread and sustainable reform to take hold. An important reason that
institutions of higher education struggle to consistently deliver high-quality education
experiences for STEM aspirants is that the institutions themselves and undergraduate education
more generally were designed to serve much different student populations and to help them
progress along much different education pathways than are typically being used today. In a
sense, higher education institutions function more like a collection of discrete practices and
policies, rather than being interconnected and synergistic.

There are many examples of unchanged policies and programs:

e a”weed-out” culture in many STEM departments rather than a supportive
environment;
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e graduation rates that are tracked on a 2-, 4-, or 6-year time clock, uninformed by data
on median time to degree for different fields or the need to account for remediation
time or the reality of part-time study;

e recognition and rewards to institutions for the quantity of degrees awarded rather than
the quality, relevance, and levels of learning that are expected of and provided to
students; and

e completion rates that are calculated on the basis of enroliment by first-time, full-time
students and so discount part-time students and transfer students.

Several facts are worth noting. Institutions that take on the challenge of providing a high-
quality STEM education to students from disadvantaged backgrounds often do so with fewer
resources than elite institutions. Underrepresented minority students and first-generation students
are more likely to enroll at a 2-year institution than a 4-year institution (Van Noy and
Zeidenberg, 2014). Historically black colleges and universities award about 20 percent of all of
the STEM bachelor’s degrees earned by black students in fields other than psychology and social
sciences, and about one-third of black students who have earned a Ph.D. in these STEM fields
attained a bachelor’s degree in STEM from historically black colleges and universities (National
Science Foundation, 2013).

Two overarching findings undergird our conclusions and recommendations:

e The “STEM pipeline” metaphor focuses on the students who enter at one end of the
education system and those who emerge with STEM degrees. The metaphor does not
reflect the diverse ways that students now move across and within higher education
institutions, the diversity of paths that lead students to STEM degrees, or the
expanding range of careers for those with STEM degrees. The “STEM pathways”
metaphor is a more comprehensive and inclusive way of examining how students
progress through STEM degrees and the much broader kinds of supports that higher
education needs to provide to enable these students to successfully complete a
credential.

e Undergraduate STEM reform efforts have been piecemeal and not institutional in
nature, and those that do not attend to today’s students, their challenges or to the
policy environments in which the institutions operate are likely to be short-lived and
largely ineffective.

In the following three sections we present our conclusions and recommendations related
to today’s students, about the role of institutions in serving those students, and about the need for
systemic and sustainable change. Our conclusions and recommendations are embedded in these
sections. In addition, our recommendations are presented by stakeholder group in Box 7-1.

TODAY’S STEM STUDENTS
CONCLUSION 1 There is an opportunity to expand and diversify the nation’s STEM
workforce and STEM-skilled workers in all fields if there is a commitment to appropriately

support students through degree completion and provide more opportunities to engage in
high-quality STEM learning and experiences.
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Interest in STEM degrees among all undergraduate degree seekers at 2- and 4-year
institutions is at an all-time high, including students from traditionally underrepresented groups.
Interest in STEM degrees is not only reflected in what degrees students indicate they are most
interested in earning when they first begin their undergraduate studies, but also in the fact that
one-third of students who begin with an undeclared major select a STEM discipline as a major
(Eagan et al., 2014).

The degree completion rates for all STEM aspirants is less than 50 percent, with the
lowest completion rates found among students from underrepresented groups (blacks, Hispanics,
and Native Americans). Three common threads among students from groups with low degree
completion rates are that they have the greatest economic need, are more likely to require
developmental courses, and have few if any immediate family members who completed college.
Increasingly, students who aspire to earn STEM degrees are coming to college with a broad
range of life experiences, are transferring among institutions at least once, and are more
frequently stopping-out. They are also likely to be working while attending college, especially 2-
year colleges, and some are parents. Although the demographic composition of students who are
seeking STEM degrees is shifting, it remains true that on average, STEM aspirants arrive on
campus better prepared and having achieved more academically than the student body as a
whole. Yet only 40 percent of these students earn STEM degrees within 6 years.

Students who enter college declaring that they are interested in pursuing STEM degrees
but then decide to enroll in non-STEM majors most frequently do so after STEM introductory
courses (or prerequisite introductory science and mathematics courses). These students turn away
from STEM in response to the teaching methods and atmosphere they encountered in STEM
classes (Seymour and Hewitt, 1997; President’s Council of Advisors on Science and
Technology, 2012). Furthermore, many students who switch majors after their experiences in
introductory STEM courses pass those courses. It seems that they abandon their goal of earning a
STEM degree due to the way that STEM is taught and the difficulty in attaining support. That
support, such as tutoring, mentoring, authentic STEM experiences, or other supports, improves
retention in STEM majors (Estrada, 2014). In other words, students are dissuaded from studying
STEM rather than being drawn into studying a different discipline. While some of the switching
may be the result of considered choices based on opportunities to explore attractive alternatives,
lack of a supportive environment in STEM likely contributes to those decisions.

Based on STEM persistence and completion rates, and research on why students leave, it
seems clear that 2- and 4-year institutions are not consistently providing all STEM degree
seekers with a high-quality education experience and the supports that they need to succeed,
especially in introductory and gateway courses.

CONCLUSION 2 STEM aspirants increasingly navigate the undergraduate education
system in new and complex ways. It takes students longer for completion of degrees, there
are many patterns of student mobility within and across institutions, and the
accommodation and management of student enrollment patterns can affect how quickly
and even whether a student earns a STEM degree.

An increasing percentage of STEM aspirants and those who graduate with a STEM
degree or certificate begin their college career at 2-year institutions. This is especially true

among black, Hispanic, and American Indian students. In addition, the rate at which STEM
aspirants and graduates transfer from a 4-year institution to a 2-year institution (reverse transfer)
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is also increasing (Salzman and Van Noy, 2014). Likewise, there is increased availability of and
enrollment in high school dual-enrollment programs and Advanced Placement and International
Baccalaureate STEM courses, both of which provide students with college-level courses and are
accepted for college credit and placement at many institutions. The increased movement of
undergraduate STEM credential aspirants often leads to loss of credits earned (because some
credits do not transfer), classes that may not count toward the degree requirements in a second
institution, and difficulties in adjusting to new academic cultures. All of these factors influence
the amount of time it takes STEM aspirants to graduate, even if they are consistently making
progress toward their degree and doing well in their classes. Students who reverse transfer (from
a 4- to a 2-year institution) are substantially less likely to complete a STEM degree within 6
years. However, students who concurrently enroll in multiple institutions are only slightly less
likely to complete a STEM degree in 6 years than those who attend only one institution. Students
who need remedial classes also need to take more credits, which often extends their time to
graduation and increases the cost of their education. This is one reason that students with
remedial needs often “time out” of federal financial aid.

CONCLUSION 3 National, state, and institutional undergraduate data systems often are
not structured to gather information needed to understand how well the undergraduate
education system and institutions of higher education are serving students.

Most large-scale data systems that include information on undergraduate students were
built to track students in a pipeline model. Some systems focus primarily on gathering data on
full-time or first-time students, while others do not account well for the swirling of students
among institutions. These systems often rely on graduation rates as the sole metric of success for
students and institutions: they do not systematically collect information on students’ goals,
reasons for transferring or leaving institutions, progress toward a credential, nor do they provide
access to evidence-based teaching practices or student support systems.

The limitations of the data systems make it difficult for the states and the federal
government to understand how the postsecondary education system is serving students, if some
students are being served better than others, and which institutions consistently do not meet the
needs of their students. In addition, most faculty, departments, and institutions do not know when
students encounter barriers to earning the degree they seek or what supports students may need
to succeed.

RECOMMENDATION 1 Data collection systems should be adjusted to collect information
to help departments and institutions better understand the nature of the student
populations they serve and the pathways these students take to complete STEM degrees.

e Colleges and universities need to more consistently leverage the information collected
across their campuses (e.qg., offices of institutional research, STEM departments, and
student aid offices) to better understand who their students are, their movement among
majors and institutions, the barriers they encounter in working toward their degrees, and
the services or supports they need.

e States and federal agencies should consider how the information they require institutions
to collect might enable better tracking of students through pathways they take to earn a
STEM degree within and especially across institutions. In addition, they should consider
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expanding measures of success, which increasingly inform funding formulas, beyond
graduation rates.

There are a growing number of institutions that are using the data collected across their
institutions to support student learning and identify when and where students need support to
continue with their work toward STEM degrees. More campuses are identifying difficult
introductory courses to provide supplemental instruction or use evidence-based instructional
strategies and track students with data dashboards to improve progress toward degrees; however,
systematic collection and use of such data are not widespread. With a better understanding of
what barriers students typically encounter, and when and why students typically encounter them,
institutions can more efficiently provide individualized support to students.

Existing data on undergraduate students and institutions are limited in a number of ways.
We were not able to ascertain the success of STEM students who transferred from community
colleges without earning a credential, nor could we address questions related to what happens to
students who “time out” of financial aid.

A vision of success that goes beyond graduation rates and time to completion has been
emerging from definitions of success developed by various stakeholder groups, including the
American Association of Community Colleges, the Aspen Institute, the Bill & Melinda Gates
Foundation, the National Governors Association, and the Association of American Universities.
These stakeholders have identified a broad set of academic indicators, such as success in
remedial and first-year courses, course completion, credit accumulation, credits to degree,
retention and transfer rates, degrees awarded, expanding access, and learning outcomes. Much
work is needed by these and other stakeholders to develop a systemic, national data source on
such factors.

RECOMMENDATION 2 Federal agencies, foundations, and other entities that fund
research in undergraduate STEM education should prioritize research to assess whether
enrollment mobility in STEM is a response to financial, institutional, individual, or other
factors, both individually and collectively, and to improve understanding of how student
progress in STEM, in comparison with other disciplines, is affected by enroliment mobility.

Many students move across institutions and into and out of STEM programs; the
incidence is higher among community college students. It is often not clear what drives their
decisions. One-half of community college STEM students enter into STEM after their first year
of enrollment, and little is known about what factors are involved in their decisions and the
ultimate implications for student outcomes. While late decisions can force students to take more
than the required number of credits for a major because many STEM programs are highly
structured with various requirements, early decisions may not be possible or even desirable if
students are unsure about their career paths and need time to discover their interests. These
decisions may be influenced by institutional policies (e.g., on early deadlines to declare program
entry), discipline-based professional societies, and accrediting bodies. Research is needed on:

e what kinds of exploration students undertake as they decide to major (or not) in a
STEM field and how they make their decisions,

e why students enter STEM programs at different times,
e the factors that attract them to STEM majors,
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e how institutional structures might facilitate or delay their entry into STEM, and
¢ to what extent the identified problems may be associated with changing student
demographics.

INSTITUTIONAL SUPPORT FOR TODAY’S STEM STUDENTS

CONCLUSION 4 Better alignment of STEM programs, instructional practices, and
student supports is needed in institutions to meet the needs of the populations they serve.
Programming and policies that address the climate of STEM departments and classrooms,
the availability of instructional supports and authentic STEM experiences, and the
implementation of effective teaching practices together can help students overcome key
barriers to earning a STEM degree, including time to degree and the price of a STEM
degree.

Substantial research in the last decade indicates that persistence in STEM is related to a
host of factors that go beyond academic preparation of the individual student. Those factors
include institutional practices and supports that reinforce student identities as scientists or
engineers, recognition of talent, interaction with peers, and opportunities for authentic research
experiences. Instructional practices that encourage active and interactive learning are keys to
improving student learning and persistence in STEM. In addition, faculty behavior and attitudes
inside and outside the classroom can provide cues that help students persist toward STEM
degrees.

Discipline-Based Education Research (National Research Council, 2012) identifies the
evidence-based practices that improve student learning and persistence in STEM programs. The
study illustrates the importance of active instructional practices that engage students in the
learning process and increase their interaction with peers, faculty, and teaching assistants. The
report also points to the slow adoption of these practices. Research has also shown increased
effects of evidence-based teaching practices when paired with co-curricular supports.

Even when high-quality instructional practices are implemented, students often receive
little guidance or support regarding how efficiently to navigate the vast array of undergraduate
education options. This makes it difficult for students to know how to get from where they are
academically to where they want to be or to help them explore options that they have not
considered about current and future career opportunities. This situation may help explain the
phenomena of students who take classes at multiple institutions, transfer between institutions, or
take time off from college, but all of this “churning” is associated with lower rates of completion
and longer times to degree. Time is the enemy of many undergraduate STEM students. As time
to degree increases, the likelihood of graduating seems to decrease due to a host of factors,
perhaps, most importantly, increasing student debt.

Long-term program evaluations of interventions now provide evidence of what can
increase persistence and graduation rates among STEM students. The most promising
interventions combine contact with faculty and a supportive peer group along with access to
authentic STEM experiences. Undergraduate research experiences show positive effects for both
persistence and intentions for graduate school, over and above faculty mentoring experiences
(though the two are often combined in structured research programs). Co-curricular supports
(e.g., research experiences, mentoring, summer bridge programs, and living and learning
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communities) have been shown to affect STEM student persistence and completion when they
align with evidence-based practices in supporting student learning and interests.

The culture of STEM classrooms and departments also influences STEM student
persistence. Many students interested in STEM degrees, especially those from underrepresented
groups and women, decide to pursue other fields due to the instructional practices, the “weed
out” culture of some introductory STEM courses, and the lack of opportunities to engage in
authentic STEM experiences.

To train effective mentors and create a culture of inclusiveness, faculty need to be
provided opportunities to become more aware of implicit bias and stereotyping as well as how to
avoid them. Departments need to encourage greater student involvement in research and design
experiences, as well as in clubs and organizations related to a discipline, which have been shown
to improve retention in STEM (Espinosa, 2011; Chang et al., 2014). The role of professional
STEM clubs and organizations also points to the importance of local chapters as well as national
student organizations and the development or enhancement of professional society programs for
undergraduates to sustaining interest and retention in STEM.

The need for and nature of student supports likely will differ by type of institution and
student background. It would be useful for institutional leaders to collect the kind of data about
students’ current interests and needs to better determine how they can offer a range of
interventions that are most appropriate to the current and changing needs of their students.

In general, 2- and 4-year institutions serve students with different backgrounds, goals,
and educational preparation. Community colleges enroll more older, first-generation, and
working students than 4-year colleges. They play a significant role in the pathways that a diverse
population of students takes in earning STEM degrees and certificates. Science and engineering
programs at 2-year institutions enrolled relatively high proportions of Hispanic, Asian, and
female students but a lower proportion of black students, who were more likely to be enrolled in
technical-level programs.

Although community college STEM students have relatively low completion rates, their
high persistence rates are notable. Students who begin their undergraduate education at a 2-year
institution often take more than 6 years to complete their degrees, due to part-time enrollment,
interruptions in their enrollment, and loss of course credit when they transfer between
institutions. Understanding the quality of the educational experiences provided by 2-year
institutions is hampered by the existing data systems that do not provide clear information on
students who transfer from 2-year institutions to 4-year institutions without earning a degree or
certificate. In addition, the contribution of 2-year institutions to the degrees that transfer students
receive at 4-year institutions is not tracked and so is not well understood. Although there is
emerging evidence regarding the characteristics of departments that support the use of evidence-
based pedagogy, we were unable to find data on the relative use of such pedagogy. In fact, we
were unable to even find recent national data on who teaches STEM courses (full-time tenured
faculty, adjunct, or other), the level of instructional training that instructors had received, or
alignment of instructor practices with evidence-based practices.

RECOMMENDATION 3 Federal agencies, foundations, and other entities that support
research in undergraduate STEM education should support studies with multiple

methodologies and approaches to better understand the effectiveness of various co-
curricular programs.
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Future research on co-curricular programs should reflect the complexity and “messiness”
of undergraduate education, and it should illuminate how the co-curricular support fits into the
broader culture of institutions. There is a need for more studies that track students over time to
assess both the short-term and long-term effects of program elements across academic pathways.
Such studies should include data from similar cohorts of students who do not participate in the
program as a comparison or control group. When possible and appropriate, participants should
be randomly assigned to co-curricular program groups.

For these studies to be useful, co-curricular programs need to identify measurable
outcomes such as retention, grades, knowledge, and degree conferment, and they should identify
the discipline of study. In-depth case studies or focus groups with program participants and
similar students to track experiences at time of participation and shortly after can add to the
research. Studies should move beyond linear models of student progress to a credential to test
models that are more reflective of the kind of decision making of students. In addition, studies of
long-time co-curricular programs and the nature of the sites that house them are needed to better
understand how to sustain successful programs.

RECOMMENDATION 4 Institutions, states, and federal policy makers should better
align educational policies with the range of education goals of students enrolled in 2- and 4-
year institutions. Policies should account for the fact that many students take more than 6
years to graduate, and should reward 2- and 4-year institutions for their contributions to
the educational success of students they serve, which includes not only those who graduate.

e The states and the federal government should revise undergraduate accountability
policies so that systems of assessment, evaluation, and accountability give credit to
and do not penalize in-state funding formulas institutions for supporting students’
progress toward their desired educational outcome. It is important that policies take
into account the various ways that students are currently using different institutions in
pursuit of a degree, certification, or technical skills.

e The states and the federal government should extend financial aid eligibility to
graduation for students making satisfactory progress toward a degree or certificate, so
that students do not “time out” of financial aid eligibility.

e Colleges and universities should shift their institutional policies towards a model in
which all students who are admitted to a degree program are expected to complete
that program and are provided the instruction, resources, and support they need to do
so, rather than a model in which it is assumed that a large fraction of students will be
unsuccessful and will leave STEM programs. This model can save money because the
time to degree is shortened and the number of drops, failures, withdrawals, and
repeating of courses is reduced.

Systems of accountability for undergraduate education need to better align to the
pathways that students actually are taking to earn STEM degrees. To do so, more thought needs
to go into how each institution can track students’ progression toward a degree or other outcome-
—including gaining skills to upgrade current employment and earning a certificate while
working toward an associate’s degree—recognizing the long time to degree completion among
many STEM students.
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STEM students are taking longer to earn degrees because of many factors, including
transferring among institutions, changing majors, and the need to follow strict course
sequencing. It is now uncommon for a student to complete a 2-year degree in 2 years or a 4-year
degree in 4 years. The time frame of some current financial aid policies do not reflect what is
now common and do not align with the pathways that students are taking to earn degrees.
Providing financial aid on the basis of the number of semesters a student has spent in college has
a differentially negative impact on students from underrepresented minority groups, who more
frequently than other students need remedial courses due to weakness in their K-12 preparation,
starting at 2-year institutions, and taking longer to graduate. Financial aid policies could
recognize the current pathways by focusing on whether students are making adequate progress
toward their academic goals.

The culture of many STEM courses and departments is undergirded by the belief that
“natural” ability, gender, or ethnicity is a significant determinant of a student’s success in STEM.
Related to this view is the tendency for introductory mathematics and science courses to be used
as "gatekeeper" or “weeder” courses, which may discourage students from pursuing STEM
degrees, through highly competitive classrooms and a lack of pedagogy that promotes active
participation and emphasizes mastery and improvement. These courses often seek to select out
and distinguish those with some perceived ability in STEM. The classroom and departmental
culture needs to value diversity and be based on the understanding that all students aspiring to
earn a STEM degree have the potential to succeed in STEM and provide all students the
opportunity to make an informed decision about whether they want to continue pursuing STEM
credentials.

RECOMMENDATION 5 Institutions of higher education, disciplinary societies,
foundations, and federal agencies that fund undergraduate education should focus their
efforts in a coordinated manner on critical issues to support STEM strategies, programs,
and policies that can improve STEM instruction.

e Colleges and universities should adjust faculty reward systems to better promote
high-quality instruction and provide support for faculty to integrate effective teaching
strategies into their practice. They should encourage educators to learn about and
implement effective teaching methods by supporting participation in workshops,
professional meetings, campus-based faculty development programs, and other
related opportunities. Instructional quality is a key aspect of a student’s undergraduate
experience that could be addressed by providing incentives for more faculty members
to align their classroom practices with evidence-based pedagogy.

e Disciplinary and professional membership organizations should become more active
in developing tools to support evidence-based teaching practices, and providing
professional development in using these active pedagogies for new and potential
faculty members and instructors.

e The National Center for Education Statistics of the U.S. Department of Education
should collect systematic data on tenured, tenure-track, and nontenure-track faculty
and staff, as it previously did through the National Study of Postsecondary Faculty.
Such data will make it possible to understand who is teaching STEM courses and
whether they have participated in professional development programs to implement
evidence-based instructional strategies. The Department of Education should support

Prepublication Copy Uncorrected Proofs 7-9

Copyright © National Academy of Sciences. All rights reserved.



Barriers and Opportunities for 2-Year and 4-Year STEM Degrees: Systemic Change to Support Students' Diverse Pathways

research on what supports are needed to allow all educators, including tenured,
tenure-track faculty, full-time nontenured teaching faculty, adjunct faculty, and
lecturers, to successfully implement such strategies.

e Federal agencies, foundations, and other entities should invest in implementation
research to better understand how to increase adoption of evidence-based
instructional strategies.

Although a considerable body of research is emerging about the nature and effect of
effective instructional practices, this awareness has not necessarily been translated into
widespread implementation of such practices in STEM classrooms. More investment needs to be
made in implementation research to determine how to support putting this knowledge into
practice. There have been calls for working with postdoctoral scholars and graduate students
during their education to ensure that professional development is available to them on effective
teaching strategies. This requires departmental support and leadership across an institution, along
with agreement that future faculty should have mastered research-based teaching strategies as
well as disciplinary research knowledge and skills.

RECOMMENDATION 6 Accrediting agencies, states, and institutions should take steps to
support increased alignment of policies that can improve the transfer process for students.

e Regional accrediting bodies should review student outcomes by participating colleges
and require periodic updates of articulation agreements in response to those student
outcomes.

e States should encourage tracking transfer credits and using other metrics to measure
the success of students who transfer.

e Colleges and universities should work with other institutions in their regions to
develop articulation agreements and student services that contribute to structured and
supportive pathways for students seeking to transfer credits.

The pathways that students are taking to earn undergraduate STEM degrees have become
increasingly complex, with greater numbers of students earning credits at more than one
institution. Thus, issues of transfer and articulation are now relevant to an increasing proportion
of STEM students, as well as students in other majors. The range of different regional, state, and
institutional transfer and articulation policies that students encounter can be dizzying, and they
can extend a student’s time to completion and increase the cost of college, as well as being
stressful to navigate.

Regional accrediting agencies, states, and institutions can all take steps to remove the
barriers that students currently face when transferring credits among institutions. Removing these
barriers may require creative and collaborative solutions, but they have the potential not only to
improve students’ educational experience, but also to make higher education institutions more
efficient and effective.

RECOMMENDATION 7 State and federal agencies and accrediting bodies together
should explore the efficacy and tradeoffs of different articulation agreements and transfer
policies.
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There is a need to better understand the efficacy of existing and new models of
articulation agreements. Currently, it is not clear which types of agreements work for different
types of students (including students from underrepresented groups and veterans), and for
different types of transfers (vertical, reverse, and lateral). Research on the effects of articulation
agreements needs to consider not only the policies that guide the transfer of credits, but also the
supports developed to make it easier for students to navigate the policies and adjust to their
different academic environments.

SYSTEMIC AND SUSTAINABLE CHANGE IN STEM EDUCATION

CONCLUSION 5 There is no single approach that will improve the educational outcomes
of all STEM aspirants. The nature of U.S. undergraduate STEM education will require a
series of interconnected and evidence-based approaches to create systemic organizational
change for student success.

From years of attempts to improve higher education for all, many lessons have been
learned. Focusing narrowly on individuals rather than on the entire system is not effective
because it leads to changes of minimal scale and sustainability. Failing to leverage the many
actors in education—individuals, departments, institutions, disciplinary societies, business and
industry, governments—in a systematic fashion is ineffective because different levels of the
education system often operate in isolation and are often unaware of how their actions can both
affect and be affected by other components of the system.

In addition, focusing narrowly on pedagogical and curricular changes and not considering
other variables that are related to student success, such as institutional policies, articulation,
faculty culture, and financial aid, limits the potential effects of such changes. It is not productive
to focus on “silver bullets”: they often lead to “fixing the student” approaches rather than
identifying problems throughout the system, from mathematics preparation, to science culture, to
faculty teaching, to financial aid, to articulation and transfer. Finally, it is clear that such barriers
to change as the nature of the incentive structure in colleges and universities remain largely
unaddressed, and studies have not been conducted to determine if addressing such barriers would
facilitate large-scale and sustainable change in institutions or education systems.

CONCLUSION 6 Improving undergraduate STEM education for all students will require
a more systemic approach to change that includes use of evidence to support institutional
decisions, learning communities and faculty development networks, and partnerships
across the education system.

Students need a higher education system that is less fragmented—or at least has clearer
road markers—so that the diverse and complex pathways they take toward a degree do not create
unnecessary barriers. Partnerships with elementary and secondary schools may be able to lead to
better preparation for college, especially in mathematics. Partnerships with employers can lead to
better articulation of the skills and knowledge that are relevant for their workforces, as well as
opportunities for internships and work-related experiences that may improve students’
understanding of and commitment to STEM education.

At the institutional level, program faculty and administrators need to recognize that
successful improvements usually include: strong leadership, including support for faculty to
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undertake the changes needed; awareness of how to overcome the barriers to adaptation and
implementation of curricula that have been demonstrated to be effective; faculty who implement
instructional practices developed through discipline-based education research; and data to
monitor students’ progress and to hold departments accountable for losses and recognize and
reward them for student success.

Strong, multi-institutional articulation agreements, including common general
education, common introductory courses, common course numbering, and online, easily
available student access to equivalencies, can improve the percentage of contributory
credits transferred, shorten the time to degree, and increase completion rates.

Department-level leadership is critical for systematic change. It can drive changes
in rigid course sequencing requirements, transfer credit policies, degree requirements,
differential tuition policies, and classroom practices. It can build connections between the
reform efforts in their department and broader efforts in their institutions, as well as
connect to multi-institutional reform efforts supported by foundations and disciplinary
associations. The training of STEM department chairs supported by a number of
programs and professional organizations has yielded promising results for departmental
programs and their students.

RECOMMENDATION 8 Institutions should consider how expanded and improved co-
curricular supports for STEM students can be informed by and integrated into work on
more systemic reforms in undergraduate STEM education to more equitably serve their
student populations.

To improve degree attainment rates, the quality of programs, and better serve their
diverse student populations, institutions can consider a wide range of policies and programs:
initiating or increasing opportunities for undergraduate student participation in research and
other authentic STEM experiences; connecting students to experiences related to careers in their
field of interest; expanding the use of educational technologies that have been effective in
addressing the remediation needs of students; building student learning communities; and
providing access to college and career guidance to help students understand the various and most
efficient pathways to the degrees and careers they want. Students seem to benefit most from such
supports when they are paired with evidence-based instructional strategies and when three or
more co-curricular supports are bundled together (Estrada, 2014). Such efforts will be more
sustainable and effective if they are integrated into more systemic reform efforts.

RECOMMENDATION 9 Disciplinary departments, institutions, university associations,
disciplinary societies, federal agencies, and accrediting bodies should work together to
support systemic and long-lasting changes to undergraduate STEM education.

e STEM departments and entire academic units should support learning communities
and networks that can help change faculty belief systems and practices and develop
sustainable changes.

e Colleges and universities should offer instructor training and mentoring to graduate
students and postdoctoral scholars. Participating in such efforts as The Center for the
Integration of Research, Teaching, and Learning (funded by the National Science
Foundation; see Chapter 3) can educate graduate students about the value of treating
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their teaching as a form of scholarship and to value use of evidence-based approaches
to teaching.

e University associations and organizations should continue to facilitate undergraduate
STEM educational reforms in their member institutions, particularly by examining
reward structures and barriers to change and providing resources for data collection
on student success, as well as by providing resources for interventions, support
programs, and ways to share effective practices.

e Disciplinary societies should support the development of continuing and intensive
national and regional faculty development programs, awards, and recognition to
encourage use of evidence-based instructional practices.

e Federal agencies that support undergraduate STEM education should consider giving
greater priority to supporting large-scale transformation strategies that are
conceptualized to include and extend beyond instructional reform, and they should
support both implementation research and research on barriers to reform that can
support success for all students. They should increase the percentage of
undergraduate STEM reform efforts and projects that focus on multiple levels--
department, institution, discipline, government, and business and industry.

e Following the policies adopted by some disciplinary accrediting bodies (e.g., the
Accreditation Board for Engineering and Technology), regional and professional
accrediting bodies should consider incorporating evidence-based instructional
practices and faculty professional development efforts into their criteria and
guidelines.

The nature of the challenges of removing the barriers to 2- and 4-year STEM degree
completion can only be addressed by a system of solutions that includes the commitment to
transformation. Looking from the ground up, those who teach need to be enabled to adopt and
engage in effective classroom practices; co-curricular supports need to be made available for
students who begin college with interest in STEM but who may lack some of the skills necessary
to be immediately successful in their pursuit of study in STEM.

Money still matters: strategies need to be explored for addressing financial need in ways
that connect students to STEM (such as through STEM-related work-study programs and
internships and co-ops) rather than distracting them from it. Providing quality advice about
courses, fields of study, careers, and navigating the many college pathways in STEM—as well as
supporting learning communities—can help avoid many of the pitfalls that can delay or prevent
degree completion.

Looking across institutions, the policy barriers to articulation and alignment need to be
addressed. Although some removal of barriers can be promoted locally through, for example, the
active commitment of individuals, (e.g., chemistry faculty in 4-year institutions working directly
with chemistry faculty in feeder 2-year institutions and high schools), a negatively structured
policy environment can impede such interventions. There is a clear need to explore all the policy
impediments that make navigation of the pathways to STEM degrees in and across institutional
boundaries especially difficult, and there are examples in various states and institutions that can
be considered to smooth STEM pathways.

Looking from the top down, leadership is needed at every level to support change.
Institutional leaders need to be committed to providing the supportive infrastructure that can
make grassroots pedagogical and administrative changes possible (including active classrooms,
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technology, co-curricular supports, data systems, and teaching-learning centers). Loss of state
support has negatively affected the operational model of many public institutions, forcing
increased costs to be passed through to students, which disproportionately affects those who can
least afford to attend, extending time to degree and may affect students’ choices of major (e.g.,
when there is differential tuition for programs such as engineering). National accountability
structures, though well intentioned, currently reward the most selective institutions while
penalizing those with fewer resources, but the latter are the ones who often enroll and succeed in
enrolling STEM students from disadvantaged and less selective backgrounds. The admonishment
to “first, do no harm” should lead to a national discussion of how to recognize and honor the
work of such institutions. At the same time, highly resourced institutions can be challenged to
better support their STEM students through programs of active retention rather than “weeding
out.”

Finally, leadership is required from all constituents, including state and federal
government, funders, business and industry, and both higher education and STEM professionals,
both within and across those communities. Rather than relying on failed or unsustainable
structures that serve only a few or push out students who aspire to and are capable of completing
a STEM degree, they should seek solutions that connect the pathways to STEM degrees.
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BOX 7-1
Recommendations by Actors

STEM Departments and Academic Units

RECOMMENDATION 9 Disciplinary departments, institutions, university associations,
disciplinary societies, federal agencies, and accrediting bodies should work together to support
systemic and long-lasting changes to undergraduate STEM education.

Colleges and Universities

RECOMMENDATION 1 Data collection systems should be adjusted to collect information to
help departments and institutions better understand the nature of the student populations they
serve and the pathways these students take to complete STEM degrees.
RECOMMENDATION 4 Institutions, states, and federal policy makers should better align
educational policies with the range of education goals of students enrolled in 2- and 4-year
institutions. Policies should account for the fact that many students take more than 6 years to
graduate, and should reward 2- and 4-year institutions for their contributions to the educational
success of students they serve, which includes not only those who graduate.
RECOMMENDATION 5 Institutions of higher education, disciplinary societies, foundations,
and federal agencies that fund undergraduate education should focus their efforts in a
coordinated manner on critical issues to support STEM strategies, programs, and policies that
can improve STEM instruction.

RECOMMENDATION 6 Accrediting agencies, states, and institutions should take steps to
increase the alignment of policies that can improve the transfer process for students.
RECOMMENDATION 8 Institutions should consider how expanded and improved co-
curricular supports for STEM students can be informed by and integrated into work on more
systemic reforms in undergraduate STEM education to more equitably serve their student
populations.

RECOMMENDATION 9 Disciplinary departments, institutions, university associations,
disciplinary societies, federal agencies, and accrediting bodies should work together to support
systemic and long-lasting changes to undergraduate STEM education.

States and Federal Agencies

RECOMMENDATION 1 Data collection systems should be adjusted to collect information to
help departments and institutions better understand the nature of the student populations they
serve and the pathways these students take to complete STEM degrees.

RECOMMENDATION 2 Federal agencies, foundations, and other entities that fund research in
undergraduate STEM education should prioritize research to assess whether enrollment mobility
in STEM is a response to financial, institutional, individual, or other factors, both individually
and collectively, and to improve understanding of the how student progress in STEM in
comparison with other disciplines is affected by enrollment mobility.
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RECOMMENDATION 3 Federal agencies, foundations, and other entities that support
research in undergraduate STEM education should support studies with multiple methodologies
and approaches to better understand the effectiveness of various co-curricular programs.
RECOMMENDATION 4 Institutions, states, and federal policy makers should better align
educational policies with the range of education goals of students enrolled in 2- and 4-year
institutions. Policies should account for the fact that many students take more than 6-years to
graduate, and should reward 2- and 4-year institutions for their contributions to the educational
success of students they serve, which includes not only those who graduate.
RECOMMENDATION 5 Institutions of higher education, disciplinary societies, foundations,
and federal agencies that fund undergraduate education should focus their efforts in a
coordinated manner on critical issues to support STEM strategies, programs and policies that can
improve STEM instruction.

RECOMMENDATION 6 Accrediting agencies, states, and institutions should take steps to
increase the alignment of policies that can improve the transfer process for students.
RECOMMENDATION 7 State and federal agencies and accrediting bodies together should
explore the efficacy and tradeoffs of different articulation agreements and transfer policies.
RECOMMENDATION 8 Institutions should consider how expanded and improved co-
curricular supports for STEM students can be informed by and integrated into work on more
systemic reforms in undergraduate STEM education to more equitably serve their student
populations.

RECOMMENDATION 9 Disciplinary departments, institutions, university associations,
disciplinary societies, federal agencies, and accrediting bodies should work together to support
systemic and long-lasting changes to undergraduate STEM education.

Foundations

RECOMMENDATION 2 Federal agencies, foundations, and other entities that fund research in
undergraduate STEM education should prioritize research to assess whether enrollment mobility
in STEM is a response to financial, institutional, individual, or other factors, both individually
and collectively, and to improve understanding of how student progress in STEM in comparison
with other disciplines is affected by enrollment mobility.

RECOMMENDATION 3 Federal agencies, foundations, and other entities that support
research in undergraduate STEM education should support studies with multiple methodologies
and approaches to better understand the effectiveness of various co-curricular programs.
RECOMMENDATION 4 Institutions, states, and federal policy makers should better align
educational policies with the range of education goals of students enrolled in 2- and 4-year
institutions. Policies should account for the fact that many students take more than 6-years to
graduate, and reward 2- and 4-year institutions for their contributions to the educational success
of students they serve, which includes not only those who graduate.

RECOMMENDATION 5 Institutions of higher education, disciplinary societies, foundations,
and federal agencies that fund undergraduate education should focus their efforts in a
coordinated manner on critical issues to support STEM strategies, programs, and policies that
can improve STEM instruction.

Disciplinary Professional Membership Organizations
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RECOMMENDATION 5 Institutions of higher education, disciplinary societies, foundations,
and federal agencies that fund undergraduate education should focus their efforts in a
coordinated manner on critical issues to support STEM strategies, programs, and policies that
can improve STEM instruction.

Accrediting Bodies

RECOMMENDATION 6 Accrediting agencies, states, and institutions should take steps to
increase the alignment of policies that can improve the transfer process for students.
RECOMMENDATION 9 Disciplinary departments, institutions, university associations,
disciplinary societies, federal agencies, and accrediting bodies should work together to support
systemic and long-lasting changes to undergraduate STEM education.

University Associations and Organizations
RECOMMENDATION 9 Disciplinary departments, institutions, university associations,

disciplinary societies, federal agencies, and accrediting bodies should work together to support
systemic and long-lasting changes to undergraduate STEM education.
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Appendix A
Instructional Resources, Curriculum Repositories, and Situational
Barriers to Change

Individual faculty members, group, or departments that are considering changes to
science, technology, engineering and mathematics (STEM) education should carefully
consider whether to try to develop new curriculum from scratch, a very time-consuming
multi-year undertaking, or to take advantage of existing research-based curriculum. One
legacy of the investment by funding agencies in research-based pedagogies is curricula,
as well as curriculum and publications on the barriers and opportunities associated with
implementing and sustaining them. In some STEM disciplines, funding agencies and
national STEM organizations have organized online repositories for those curricula.
ComPADRE in physics (Mason, 2007) and CourseSource in biology (Wright, 2013) are
examples of resources for faculty interested in identifying new curriculum.

Some of the more prominent curriculum reform groups have developed resources
for both new and experienced users. These may include electronic mailing lists, websites,
or central resources for users, as well as topic-specific workshops or meetings for users,
such as POGIL, BlOquest, the Academy of Inquiry Based Learning (IBL), and Sencer.
Faculty interested in adopting one of these more prominent curricula can take advantage
of these resources.

National discipline-based organizations are also an important support for faculty
interested in implementing new curricula. Such organizations, including the American
Association of Physics Teachers, the Mathematical Association of America, the
American Society for Engineering Education (ASEE), and the American Geophysical
Union, have sponsored meetings and workshops that allow STEM educators to become
more familiar with research-based STEM curricula in a particular discipline. Manduca
(2008) documents the importance of these meetings to discipline-wide STEM reform. At
the broadest level, organizations such as the National Center for Academic
Transformation offer support for revised cross-disciplinary STEM curricula, particularly
at the introductory course level.

For validated STEM curricula, there are concept inventories, such as the force
concept inventory (Hestenes, 1992), the chemistry inventory (Mulford and Robinson,
2002; Epstein, 2013), civil and environmental engineering (Sengupta, et al., 2013), and
the calculus concept inventory (Epstein, 2007). While these inventories have served as a
source of critique of current STEM education, they can also serve as a resource for
STEM reformers in communicating about successful curricula (Libarkin, 2008). Data
from such inventories can be useful for improving curricular implementations and
communicating the status and successes of STEM reform efforts to institutional and
cross-institutional stakeholders.

Many successful and sustained curricular changes make significant changes to
“situational barriers,” identified by (Dancy, 2011). These changes may include new
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classrooms specifically for STEM group work, such as SCALE-UP* or STUDIO
classrooms, ? or significantly revised temporal course structures, such as the CLASP?
model, or completely reworked class structures, such as interdisciplinary programs at
Pomona (Copp, 2012) or the paradigms model (Manogue, 2003) at Oregon State or new
or recongfigured buildings such as makerspaces and student design buildings which
many engineering schools now house. Some of these programs have been ongoing for a
long time.

These programs suggest that there is a correlation between sites where STEM
reform has been adopted and persisted over time and positive situational barriers that
make it difficult to return to traditional lecture and laboratory approaches. Some research
(Lasry, 2014) on a SCALE-UP implementation site suggests that the existence of a
reformed curriculum with a barrier to reversion (in this case, the modified classroom and
schedule) may lead faculty who are required to teach in reformed classes to reconsider
their own teaching methods.

More research is needed to determine whether such “positive situational barriers”
(schedule changes, physical changes to classroom, significant revision to the curriculum,
required faculty curricular meetings) support the sustainability of STEM reform
curriculum by presenting barriers to return to traditional lecture/lab instruction modes. It
is also possible that curriculum or programs that by design require faculty to regularly
discuss the curriculum may lead not just to sustained reform, but to even greater
innovation.
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Undergraduate Education at the National Science Foundation. Her work has focused on creating
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the Rackham Graduate School at the University of Michigan. Her research centers around racial
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Center for the Study of Black Youth in Context and is working on a project examining academic
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STEM fields. She has a Ph.D. in community psychology from the University of Virginia.
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investigator and director of a joint project with Palomar College aimed at increasing the number
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engineering and computer science, all from Princeton University.
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B.A. from the University of California at Los Angeles and an M.A. and a Ph.D. in higher
education administration from the University of Michigan.
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Academies of Sciences, Engineering, and Medicine. He has directed or contributed to many
institutional reports on undergraduate education, teacher education, advanced study for high

Prepublication Copy Uncorrected Proofs App B-4

Copyright © National Academy of Sciences. All rights reserved.



Barriers and Opportunities for 2-Year and 4-Year STEM Degrees: Systemic Change to Support Students' Diverse Pathways
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from the National Center for Science Education. He received a B.S. in biology from the
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