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Note from the Publisher

Research Corporation for Science Advancement (RCSA) offers this work by
educational psychologist David Lopatto as a means of promoting discussion at
the nexus of science and education in America. It is vitally important to keep
this conversation going among researchers, scholars, college and university
administrators, federal and private funders because the United States simply
must provide its citizens with the best possible, and most responsive, science
education available in an era of growing global competition. The nation faces
a diminishing future if we fail to do so.

For nearly the past century now, RCSA has focused on supporting young
scientific researchers—in the process contributing greatly to the shape of our
modern world and helping to build the careers of nearly 40 Nobel laureates
so far. In doing so the Foundation has come to some general conclusions
about science education; until now, however, with the exception of the
Academic Excellence Study undertaken in 2001 with our sister foundations
(the Camille and Henry Dreyfus Foundation, the Robert A. Welch Foundation,
W.M. Kick Foundation and the M.J. Murdock Charitable Trust), the evidence
supporting our position on this subject has been based largely on the
personal observations of generations of RCSA program officers, and essentially
anecdotal in nature.

Thus it is gratifying on many levels to see scholars such as Dr. Lopatto
take up the issue of effective science education with renewed vigor and
modern, qualitative methodologies. It is not mere wishful thinking, I believe,
to say that the conclusions Dr. Lopatto draws in this work seem to confirm
RCSA’s position that involving undergraduate students in meaningful,
authentic scientific research provides a “leg up” for those seeking to make
careers in science.

Further research on the topic of science education is essential if we are to
hone our collective ability to take advantage of America’s bright young minds
across the broad spectra of cultural heritage, race, gender, intellectual skills
and thinking styles. Only by the attentive and well-informed support of our
best and brightest, will the U.S. maintain its security and prosperity in the
decades to come.

James M. Gentile
President and CEO
Research Corporation for Science Advancement
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Foreword

For years, the science community has debated and discussed whether and if
so why a relatively small proportion of the nation’s colleges and universities
produce a larger than expected share of future scientists and science faculty.!
It was assumed that small classes and a dedicated teaching-oriented faculty
were the reason. But over the past decade or so, the undergraduate research
experience in science has been acknowledged as the royal road to a career in
science. As Ann Roe, quoted by David Lopatto (infra), puts it “Once [a student]
discovers the pleasure of a college project which he [or she] has occasion to do
himself, he never turns back.”

All very well. But what is it about the undergraduate research experience
that matters? The small cohort? Problem-based learning? The proximity of the
instructor? Student-generated camaraderie? And what of the undergraduate
who is just taking a course to learn something about science, not intending
to choose science as a career? What’s does that student take away from an
undergraduate research experience?

David Lopatto, a psychologist at one of the many institutions that provide
undergraduate research in science, decided to explore the undergraduate
research experience in some depth. In a series of inquiries, first involving
colleges like his own, then extended to nearly 100 institutions of varying
size and type, he concludes that it is not just more science that students
take away from well-designed research projects but a hard-to-replicate
encounter involving self-discovery and sometimes, for the first time,
having to take responsibility for their own learning. Using the rubric of
“personal development,” against the findings of his own questionnaires,
Lopatto concludes that, irrespective of the subject itself, much intellectual
maturation occurs from designing an experiment, any experiment, and taking
responsibility for the process.

There are, in addition, tangible benefits to the institution as a whole
when ways are found to combine the presumably non-overlapping categories
of teaching vs. research.

But undergraduate research projects cost more, much more, to design and
staff than lecture and certainly online courses. Which raises another question:
if the undergraduate research experience is so valuable in the small-college
setting, how can it be transferred to larger, less well resourced institutions?

Here we learn that in 2005 a group of faculty came together to design
a model for “research-like courses” in college science, ones that involved
laboratory work or extended projects that would achieve at least some of
the learning goals of a semester- or summer-long research experience. Other

!Michael P. Doyle, Academic Excellence, Special Report of Research Corporation, Feb. 2002.
Available online http://www.rescorp.org/about-rcsa/publications/academic-excellence
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institutions are building research-equivalents into the interdisciplinary
problem-centered courses that students flock to.

Lopatto is not naive about the risks and challenges of reform. It’s been
more than 60 years since Sputnik and 25 years since Gerald Holton’s A Nation at
Risk reminded us of what’s at stake if we do not attract more students, of both
sexes, and all ethnicities to science. While undergraduate research has been
fostered in somewhat elite institutions, without his quite saying so, Lopatto’s
findings leave this reader, at least, with a strong sense that an undergraduate
research experience could be the cross-class leveler we’ve been searching for;
one that provides the first-generation college student with some of the critical
and self-critical habits of mind that more privileged young men and women
bring with themselves to college.

Francis Bacon said it first. But it is no less true today than it ever was:
“The scientific method allows ordinary people to do extraordinary things.”

Sheila Tobias
Tucson, Arizona
December 2009
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Introduction

For many years I was self-appointed inspector of snow-storms and rain-
storms, and did my duty faithfully; surveyor, if not of highways, then of forest
paths and all across-lot routes, keeping them open, and ravines bridged and
passable at all seasons, where the public heel had testified to their utility.
H.D. Thoreau, Walden

About 10 years ago, the National Science Foundation announced a program
called “Awards for the Integration of Research and Education at Baccalaureate
Institutions” (AIRE). The proposal solicitation stated that the NSF had a “vision
for enriching the Nation’s future through research and education in science
and engineering.” This vision was “anchored in the process of discovery—
discovery by researchers, teachers, professors, their students, and all citizens,”
and included as a core strategy integrating research and education in science
and engineering. The AIRE program appeared a few years after Sheila Tobias’
transformative report, They're Not Dumb, They’re Different, which is one starting
point for the work described in this book, and a few years before the current
calls for interdisciplinary research and education and for scientific teaching.
Although the AIRE program lasted for only one round of grants to baccalaure-
ate institutions, and was criticized for providing funding to colleges that al-
ready had well-established and well-admired undergraduate programs in the
sciences (an instance of the persistent “Matthew Effect” I will mention later)
the original vision has, in my opinion, been vindicated.

In 1998 Grinnell College was proud to receive one of these AIRE awards to
enhance our work as a model institution for undergraduate research and edu-
cation. The award was followed by inquiries from faculty and administrators
at other institutions. How did we at Grinnell account for our success, particu-
larly at fostering undergraduate research? What were, to use a phrase coined
by Dr. Elaine Seymour, the essential features of a good undergraduate research
experience? For that matter, what specifically were the benefits?

These were surprisingly difficult questions to answer. We could, like other
experienced educators, answer the questions with testimonials and anecdotes.
But we were, after all, scientists, and scientists rely on systematic collection of
data. We needed data if we were to move from simply being a role model for
undergraduate research to constructing a conceptual model for undergradu-
ate research.

Spurred by the AIRE, I began tentatively to probe the question of what
might be the most effective process for doing undergraduate research. The
early stage of this research involved creating interview protocols for students.
I discovered a convenient and effective methodology for carrying out the
protocols. I engaged talented psychology undergraduates as my co-researchers
and asked them to interview other local undergraduate researchers, principal-
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ly in the sciences, who were working on campus during a dedicated, 10-week
summer research experience. The interviews yielded information about stu-
dents’ backgrounds, motives, professional intentions, and attitudes. This in-
formation then fed back into the creation of more specific research questions.

At about this time I attended a conference of AIRE directors at NSF head-
quarters, and in a meeting facilitated by Grinnell Professor of Chemistry
Jim Swartz, met colleagues who were interested in the wider assessment of
undergraduate research. Among the meeting attendees was Elaine Seymour,
who catalyzed the group with straightforward research questions. Energized
by the meeting, I asked faculty at several peer institutions to comment on
her two questions about the essential features and benefits of undergraduate
research. Faculty from Grinnell College, Harvey Mudd College, and Wellesley
College responded, and I later published a summary of the results.!

Further conversations led to a plan for a grant proposal to the NSF pro-
gram then called ROLE (Research on Learning and Education). Seymour and I
were co-investigators in a fairly ambitious attempt to get credible data on the
question of the benefits of undergraduate research. With the cooperation of
four research sites, Grinnell College, Hope College, Harvey Mudd College, and
Wellesley College, we were able to construct a mixed methodology approach
to the problem. Seymour travelled to each research site and interviewed stu-
dents, faculty, and administrators, yielding qualitative information that was
carefully coded and described. Concurrently, I created a largely quantitative
survey for the students that came to be called the ROLE survey. Students at the
four research sites completed the survey for two summers (2001 and 2002).
Most of the respondents were students working on 10-week research experi-
ences in the natural sciences, but a few were from social sciences and humani-
ties. Seymour and her colleagues have published the results of the student
surveys in Science Education. I have disseminated the survey results, but some of
the quantitative results appear here in print for the first time.

The outcome of the ROLE grant was a comparatively neat taxonomy of the
benefits to students of the undergraduate research experience. The qualitative
information and quantitative information provided a clear view of the bene-
fits. There were also a few surprises, such as the large role of personal develop-
ment among student-reported benefits. But the answer to the question, “What
are the benefits of undergraduate research?” provoked further questions, most
obviously having to do with the general nature of the findings. ROLE results
were based on the experiences of students at four excellent liberal arts col-
leges. How relevant were these findings for other sorts of institutions?

As it happened, about the time that the NSF grant work ended, a distin-
guished Howard Hughes Medical Institute (HHMI) Professor, Sarah C. R. Elgin,
of Washington University, proposed to HHMI a project to assess the learning
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outcomes for undergraduates whose summer research experiences were
fueled by HHMI graduates. Elgin recruited me to construct the survey and
analyze the data. This presented me with an opportunity to take the essential
findings of the ROLE work and test them in the broader set of institutions af-
filiated with HHMI awards. The new survey, originally accessible on line at the
Washington University web site, was called SURE (Summer Undergraduate Re-
search Experience). We accumulated data over two years from 3,156 students
at nearly 100 institutions, including liberal arts colleges, research universities,
and comprehensive universities. We offered a 9-month follow-up survey that
was completed by more than 1,000 of the original respondents. The results of
this work were published in 2004.

In terms of the research questions cogently posed by Elgin, the data sup-
ported three hypotheses: that the educational experience of the students was
enhanced by the research, that undergraduate research experiences supported
talented students interested in a science career, and that undergraduate re-
search contributed to the retention of minority students on the pathway to
science careers. Secondarily, the data demonstrated the wide generalizability
of the original ROLE results. But again, answers led to more questions. Did the
findings generalize from highly focused summer experiences to undergradu-
ate work undertaken during the academic year? Was there any information
to be gained about the experiences of undergraduates who served as peer
mentors? Could classroom experiences approximate the benefit of dedicated
research experiences?

With continuing support from the Howard Hughes Medical Institute, the
SURE project was adapted and extended to pursue answers to these questions.
The survey, now labeled SURE II, was modified to include a section of questions
for students who had either served as peer mentors or who had been helped
by peer mentors. The survey itself was moved to Grinnell College (hence the
IIin SURE II) and a parallel version was constructed that included a series of
items about summer versus academic year research experiences (SURE AY, for
Academic Year). Since 2005, more than 6,000 students at a wide variety of in-
stitutions have completed these online surveys.

A fascinating outgrowth of the surveys’ widening reputation is the in-
volvement of community colleges, coalitions of researchers dispersed across
several institutions, and the National Laboratories. As the data are analyzed
(and some are presented in this work), the bigger picture of the benefits of
undergraduate research continues to develop. Empirical support grows for the
benefits of research experiences for students across the science disciplines, for
the benefits to younger students, and for the benefits of scientific communica-
tion in writing and speaking.

Even so, SURE II and SURE AY did not address the issue of classroom learn-
ing. To do so, the old ROLE collaborators were recruited for a new effort, sup-
ported by HHMI, to construct and test a survey instrument that could be used
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in the organized course curriculum. With the help and advice of colleagues

at Wellesley, Hope, HMC and Grinnell, as well as the keen interest of faculty

at other institutions, the CURE survey was created and field tested. The CURE
(Classroom Undergraduate Research Experiences) survey permits comparison
with the SURE survey research by employing similar survey items, as well as
items relating to student experience, career intentions, science attitude, and
learning style. The CURE approach is more elaborate than SURE. Summer re-
search students participate in the SURE survey at the end of the summer or in
the autumn, when they have completed their experience. CURE, on the other
hand, examines three facets of the course experience. First, the course instruc-
tor provides information about the activities emphasized in the course. This
information is crucial because it allows researchers to group courses, for ex-
ample those that make use of pedagogic innovations that infuse a course with
research-like attributes versus those that do not. Second, the students com-
plete a pre-course survey, sharing information about their situation in science
experience, attitude, and learning style before they are affected by the course
experience. Finally, the students complete a post-course survey in which they
report their learning gains and revisit their attitude toward science.

Use of the CURE survey has grown. We typically expect to have reports
from approximately 950 students at 20 institutions for a single semester. Some
of the findings are presented in the present work. The general finding is that
students in a research-like science course report learning gains that resemble
those reported by students in dedicated research experiences, with the mag-
nitude of these gains falling between the higher ratings of undergraduate
researchers and the lower ratings of students in more traditional courses. In a
few cases of programs that strongly emphasize research activities in the course
or courses, such as Prof. Elgin’s Genomics Education Partnership centered at
Washington University or Prof. Yi Lu’s work at the University of Illinois, the
student data match that of students in dedicated research experiences. These
results support the exciting idea that the traditionally separate aspects of un-
dergraduate science—classroom learning versus research experience—can be
unified. This unification, for students and for faculty, is a theme of this book.

As the CURE data provide answers, they also provoke more questions. At
the 2008 meeting of the Council on Undergraduate Research (CUR), I present-
ed CURE findings to an audience that was too large to fit in the room. Among
the questions posed by audience members were ones having to do with over-
all benefits of all undergraduate research experiences, not just in science or
confined to disciplinary work. The latter task, finding some way to survey the
benefits of interdisciplinary research and courses, occupies my attention at
this writing.

My work with surveys, instruments often derided as yielding information
a mile wide and an inch deep, has permitted me to experience a larger view
of science education, something akin to what Thoreau meant when he wrote
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about that other kind of surveying, that it “seemed a noble employment”
because it permitted him to observe nature. The nature I have observed is
the nature of undergraduate research experiences. In its various forms and
species, undergraduate research at its best interfaces with social, cognitive,
and developmental dynamics to create a variety of benefits for student and
faculty. Its most exalted promise is that the collaborative research of students
and faculty “anchored in the process of discovery” challenges the convenient
categories of teaching versus research and learning versus doing. Taken as

a strategy for programmatic reform, undergraduate research may offer a
solution to the challenges of producing the next generation of scientists,
entrepreneurs, and the science-literate society that our leaders claim is
essential for the future of our nation.
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It was twenty years ago today...

To an uncertain adolescent, flailing about for something he or she might
actually be able to do and do well, science offers not just a whole array of
interesting and important careers, but a training that, to paraphrase Bacon,
enables ordinary people to do extraordinary things. If physicists learned to
regard every one of those 250,000 introductory physics students—most of them
somewhat better than “ordinary”—as having something valuable to contribute
and much to gain from science, there might be no science “crisis” at all.
Sheila Tobias, They’re Not Dumb, They’re Different

In 1990 Research Corporation for Science Advancement published a study by
Sheila Tobias called They’re Not Dumb, They're Different: Stalking the Second Tier.
Tobias took on the question of how to stem the “science shortfall” at Ameri-
can colleges and universities. She wrote, “Everybody says it in one way or
another, we need to teach more students more science.” One solution to the
possible shortfall, Tobias suggested, was to recruit students from the “second
tier,” a loose category of students who were able to do science, but for reasons
of learning style, expectations and experience, chose not to. The students of
the second tier, Tobias wrote, “may have different learning styles, different
expectations, different degrees of discipline, different ’kinds of minds’ from
students who traditionally like and do well at science.” To investigate the ex-
periences of the second-tier student, Tobias recruited former college students
to take introductory courses in physics and chemistry.

These participant-observers reflected on their learning experience, expos-
ing the problems of introductory science teaching. The trouble with science,
they suggested, was not the student’s lack of ability; it was the traditional way
in which introductory courses were taught. The courses were hierarchical,
competitive, isolating, limited by the “tyranny of technique,” and uninterest-
ing to anyone who wanted to know the history of ideas or the bigger picture
of the issues involved. The experience of Eric, a graduate with a degree in lit-
erature, was typical. Eric found his physics class dull, taught by an instructor
who “was not particularly good at explaining why he did what he did to solve
problems, nor did he have any real patience for people who wanted explana-
tions.” Eric reflected that “the lack of community, together with the lack of
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interchange between the professor and the students combines to produce a
totally passive classroom experience.” Faculty assumed a pre-existing dedica-
tion to science and saw their role as “weeding out.” Eric’s course instructor
stated his view as, “I assume that students...are pre-professionals who have
already decided on a career in science and are in class to learn problem-solving
techniques that will be required of them in their careers.”®

Having demonstrated that reform was necessary, Tobias concluded her
study with recommendations for reform, which were to occur at the level of
the classroom and department. The recommendations included increasing
the intellectual appeal of science courses, slowing the pace of content cover-
age in favor of depth, utilizing undergraduate support staff (peer mentors),
reducing class size, enhancing mathematical competence, and significantly
changing the way students are evaluated. Tobias concluded, “My hunch is that
even students not yet demonstrably inclined to science will respond positively
to special attention, curriculum enrichment, and personal opportunity.””

The impact of They’re Not Dumb, They’re Different is difficult to assess, but

since its publication a number of reforms have been made in introductory
science courses at colleges and universities.® Innovations include workshop
science, problem-based learning, peer instruction, and research-embedded
courses.’ The publications of professional organizations such as the Council
on Undergraduate Research (CUR) and Project Kaleidoscope (PKAL) are
replete with reports of successful reforms of science and math curricula.
Both governmental and private funding agencies have provided resources for
reform and innovation. Committees of distinguished experts have outlined
essential information about How People Learn,'® how science curricula should
be enhanced, and how interdisciplinary work may be undertaken. The
recruitment of talent from traditionally underrepresented groups has been a
feature of grant funding, curricular reform, and teacher training.

Yet the shortage of science students, science graduate students, and scien-
tists has come to pass as predicted. A 2004 report from a RAND Corporation
conference detailed the lack of growth in the number of Bachelor’s degrees
earned by U.S. citizens in science and engineering." A report of the National
Academy of Sciences entitled Rising Above the Gathering Storm' emphasized both
the value of a strong science workforce and the decline of America’s stand-
ing relative to the international community. In a more recent report, the
Academic Competitiveness Council stated, “There is increasing concern about
U.S. economic competitiveness, particularly the future ability of the nation’s
education institutions to produce citizens literate in STEM (Science, Technol-
ogy, Engineering, and Mathematics) concepts and to produce future scientists,
engineers, mathematicians, and technologists.”"® A report from the Business-
Higher Education Forum stated “American students today have limited inter-
est in studying mathematics and science, and academic achievement in these
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two foundational disciplines is demonstrably low....It is a national imperative...
that we improve achievement... attract more individuals into [STEM] careers.”**
Science education reforms may be praised for increasing the proportion of sci-
ence Ph.D.s awarded to women,'" but overall science education has not been a
growth industry. Twenty years have passed since Tobias” informants took their
science courses. Despite the innovations that followed, the “second tier”—

and maybe even the first tier—has not been recruited in enough numbers to
change the trends in science education.

The lack of STEM workers is not the only penalty from our lack of growth
in science education. A general education about science has been linked to
our continued success as a democracy.'® Science and Engineering Indicators (SEI),
published by the National Science Foundation, stated that “Knowledge of basic
scientific facts and concepts is necessary not only for an understanding of S&T
(Science and Technology) related issues but also for good citizenship. Knowing
how science works—how ideas are investigated and either accepted or reject-
ed—can help people evaluate the validity of various claims they encounter in
daily life.” SEI reported survey results showing that science knowledge in the
United States is not improving over time; that less than half the American
population accepts the theory of evolution; that only 43% can answer a ques-
tion about how an experiment is conducted; and that belief in pseudoscience
has increased in the past decade."” Although Natalie Angier has pointed out
that “The arguments for greater scientific awareness and a more comfortable
relationship with scientific reasoning are legion, and many have been flogged
so often they’re beginning to wheeze,”"® not much has changed for the better,
and the reforms of science education since 1990 have not made a notable im-
pact on the science literacy of the American public. Gerald Holton examined
the implications of this illiteracy, and he observed that “in a democracy, no
matter how poorly informed the citizens are, they do properly demand a place
at the table where decisions are made, even when those decisions have a large
scientific/technical component.”* Such decision-making could be disastrous.

The second tier possesses no gender or ethnic markers. Rather, it seems to
represent a kind of “cognitive diversity,” the differences in thinking and in tak-
ing perspectives discussed by Page in his work on group problem solving.? It is
composed of people who could contribute to science but who are discouraged
by their experience with it. They are an “underrepresented group” in science,
but unlike women or minorities, who may have faced institutional barriers to
advancing in science, they choose to be underrepresented. As the opening quo-
tation from Tobias suggests, if their experience had been different, they might
have continued with science. Despite changes in pedagogy, the second tier has
not shown up to announce a commitment to science careers. The shortfall is
still with us.

Why has reform in the introductory courses failed to have an impact on
the science shortfall? Maybe reform has not been widespread, leading Alberts
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in his 2003 address to the National Academy of Sciences to ask, “Why do we
continue to treat our introductory laboratories in science courses as exercises
in following directions, rather than challenging students to use inquiry to
solve a problem with scientific tools?”?! Maybe not enough time has passed
since science education reform took shape. Maybe benefits will emerge in the
next few years. Maybe it is too late, and the attractions of reformed introduc-
tory science courses fail to engage a student who has already been discouraged
by suffocating science courses at the kindergarten through high-school level
and by society’s anti-science attitudes. Natalie Angier, in her book The Canon,
relates the following conversation between two teenage girls:

Girl A asked Girl B what her mother did for a living.
“Oh, she works in Bethesda, at the NIH,” said Girl B, referring to the
National Institutes of Health. “She’s a scientist.”

“Huh,” said Girl A, “I hate science.”

“Yeah, well, you can’t, like, pick your parents,” said Girl B.*

Attributing the problems of science education to culture or to high-school
education does not, however, relieve colleges and universities of the obligation
to do their best to teach science. Such attributions are what Tobias described
as the college educator seeing the problems as being “elsewhere” and so sug-
gesting the reform happen elsewhere. However, judging by reported success
of innovations in introductory college science courses, it is worthwhile to
improve science education for undergraduates regardless of the problems oc-
curring elsewhere.

But if innovative introductory courses ignite some interest in science and
engender learning, why doesn’t the success persist in the long run by produc-
ing more scientists? One reason may be that by itself, reform of the introduc-
tory science curriculum is insufficient. Students who succeed in innovative
introductory courses find themselves in traditional courses at the second level.
The innovations have not been extended up the curriculum. The weeding out
has been postponed, but it has not been eliminated. Advanced courses—the
canon of organic chemistry, cellular biology, advanced physics—may be diffi-
cult to make user-friendly. The negative characteristics of traditional introduc-
tory courses elaborated by Tobias (that the courses were hierarchical, competi-
tive, isolating, limited by the “tyranny of technique”) may still be there in the
intermediate curriculum, robbing the students of the “creative and critical
thinking that science also entails.” Perhaps we need a pedagogy that restores
the opportunities for this creative and critical thinking.

While science courses remain sharply focused on technique, the world flat-
tens. Sobering forecasts about American science appear in The World is Flat,

Rising above the Gathering Storm, as well as reports by the Academic Competi-
tiveness Council and the Business-Higher Education Forum, and the Test of
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Leadership, better known as the Spellings Commission Report.?® The visions

of these documents are, if not bleak, certainly anxious. In a world in which
global competition is heating up, flattening, in Friedman’s terms—and where
the demand for those with science and engineering skills grows, the number
of students gaining advanced degrees in science and engineering declines. In
Rising above the Gathering Storm, a committee of the National Academies of Sci-
ence sounded the alarm. The storm in the title is economic globalization. His-
torically, American economic success depends on technological innovations,
and this level of technological innovation requires an educated workforce. But
now, to quote the NAS committee:

Thanks to globalization, driven by modern communications and other
advances, workers in every sector must now face competitors who live just
a mouse-click away in Ireland, Finland, China, India, or dozens of other
nations whose economies are growing.**

Is the United States poised to meet this challenge? Apparently not. Rising above
the Gathering Storm cites statistics revealing that half of Americans are dissatis-
fied with education; that performance of American teenagers compares unfa-
vorably with that of their international peers; and that Americans are not as
attracted to the engineering profession as are our international competitors.
Worse, neither government nor industry is investing sufficiently in the kind
of risky research that could produce huge discoveries. So what do the authors
want? They want a future of economic well-being driven by the engine of
invention and technological application. “Knowledge institutions” must pro-
duce innovations, what the National Science Foundation calls “transformative
research,” that will support American prosperity.

Finally, although its concerns are broader than science, the Spellings Commis-
sion report makes this observation regarding the shortcomings of American
education:

Fewer American students are earning degrees in the STEM fields |[...] medi-
cine, and other disciplines critical to global competitiveness, national
security, and economic prosperity. Even as the Bureau of Labor Statistics
projects that 16 of the 30 fastest-growing jobs in the next decade will be in
the health professions, current and projected shortages of physicians, reg-
istered nurses and other medical specialists may affect the quality of care
for the increasingly aging population of baby boomers.*

The connections between science education and economic well-being are well
established. Changing introductory science courses, where that has happened
at all, has not resulted in an adequate population of science-oriented students.
What is a college or university to do?
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Restraining forces

Institutions responding to the problems of science education use a common
heuristic for reform. First, a committee is formed. Next, the local problem is
identified. Solutions are proposed. Goals for reform are nominated and then
opposed. The opposition appears to be unanswerable (no money, no personnel,
no time), and so reform is postponed unless it is undertaken by a pioneer who
tries to detour around the system. The process is reminiscent of a research
demonstration by psychologist Kurt Lewin, who showed that young children
separated from a desirable toy by a glass barrier pressed fruitlessly against the
restraint in an attempt to get directly to their goal, then succeed by detouring
around the barrier.?® Lewin called the barrier a restraining force. The common
restraining forces on reform are paralyzing dichotomies that may leave the
institution in conflict. The list includes:

Educating the select vs. educating everyone. Are the pedagogies and programs

that might cultivate an elite group of creative scientists and engineers (thus
meeting the essential need for a STEM workforce) the same as those that may
be employed to create a scientifically literate citizenry? Should we put our
resources into cultivating undergraduate “all stars,” hoping for a few outstand-
ing scientists who meet the call for transformational research, or sacrifice
resource-intensive pedagogies for general education?

Scientist shortage vs. scientist surplus. If science education is driven by the need for
a supply of scientists and engineers in the job market, then reductions in the
demand for scientists and engineers may undermine the effort to promote sci-
ence education. Tobias noted that there may be pressures to limit the number
of scientists. She wrote, “Mindful of the devastating effects of the oversupply
of physicists in the 1970s, a situation which drove many good Ph.D.s perma-
nently out of the field, many physicists tell me mournfully, ‘there has never
been a time when there were too few physicists.””?’ Rising above the Gathering
Storm included a contrarian opinion by R.J. Samuelson doubting the scientist
shortage.”® Should the job market even matter to undergraduates who show
an interest in science, or is there significance to science education that goes
beyond employment forecasts?

Creativity vs. accountability. Government committees contend we need to produce
students who are unique, innovative, and creative, outcomes that are difficult

to measure. Our government also tells us that accounting for student learning
is essential, and best measured through standard tests emphasizing the homo-
geneity of education.

Too few vs. too many. There are too few students willing to go into science, either
as undergraduate majors or as graduate students, but there are too many
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students in our introductory science courses for the instructors to employ in-
novative and time-consuming pedagogy. How do we increase the number of
potential scientists in the pipeline while managing the scale of undergraduate
science education?

Disciplinary vs. interdisciplinary. We need to teach more of the basic sciences,
with required education in physics, chemistry, and biology. But the future of
research and teaching may lie with the interdisciplinary, and with the inter-
disciplinary comes new tensions regarding the path of student education, the
organized curriculum, and faculty evaluation.

Teaching vs. research. While university faculty, known for their research output,
are admonished to spend more time teaching, college faculty, known for their
teaching loads, are admonished to be more productive researchers. Teaching
and research are treated as separate categories of professional activity, so more
of one means less of the other.?

Most of the commission reports cited here are more detailed in their prob-
lem statements than in their suggested solutions. The theme of the solutions
is to use money to push or pull harder at students so they continue to study
science. In its recommendations for the “Best and Brightest,” Rising above the
Gathering Storm suggests Undergraduate Scholar Awards of up to $20,000 annu-
ally to help students afford their STEM education (with the awards distributed
based on test scores), and the creation of more graduate fellowships. This ap-
proach is time-honored; a committee appointed by Vannevar Bush to increase
the number of students in science recommended in 1945 that the government
provide 6,000 scholarships for undergraduates and 900 graduate fellowships
in science.* The Academic Competitiveness Council recommendations include
a call for more assessment of STEM education programs. The assessment of all
education is taken up by the Spellings Commission, which highlights stan-
dardized tests that it recommends be given to college students to discern the
“value added” of education.

None of these recommendations seems connected with what the various
commissions and committees say they want: a cohort of creative, innovative,
entrepreneurial scientists and engineers who will create or discover the next
generation of scientific and technological products that will keep our country
safe, bolster the economy, promote our health and well being, and transform
our culture. The outcome of poor science teaching, according to Tobias, is that
it undermines interest in the sciences and intrinsic motivation to pursue sci-
ence. The second-tier population could succeed in science, but they are turned
off. It is sobering to reflect that the two mechanisms proposed by government
commissions for increasing motivation and interest in science, money and
testing, are the very two mechanisms that some psychological research has
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shown to undermine intrinsic motivation.*

These six restraining forces stand in the way of reform, but is it possible
to think of them in a different way, and find a means to resolve them? These
restraining tensions co-exist in the same entities: universities, colleges,
academic divisions, departments, and people. When opposing forces reside
in the same place—when some department members wish to promote reform
while others wish to conserve tradition, for example—it brings to mind the
image of a battery, a device that simultaneously houses two poles of opposite
charges. A question occurs. What sort of electrolyte, sometimes called an ionic
solution, could be loaded into the battery to begin a flow of energy between
the poles? One answer is promising: undergraduate students performing
authentic scientific research are the ionic solution that releases the energy of
science education.

Shifting the focus

It is time for a closer look at a common practice of undergraduate research in
science education. Undergraduate research is challenging to define, appearing
in many disciplines and in many flavors. We shall see that the benefits of an
undergraduate research experience are complex and only recently enumer-
ated. I also hypothesize benefits that go beyond students, that emanate from
student activity, to faculty and to institutions. I will explore the argument that
an undergraduate research experience contains the potential for a rich and
multifaceted interaction between student scholar and faculty mentor. This
interaction questions the traditional dichotomy between the professional roles
of teaching and research and suggests ways in which academic institutions
may be changed.

The underlying dynamic for this potential is development, the recogni-
tion that students are growing, becoming, engaged in self:discovery and self
authorship.?> William Perry referred to such development as “students on the
move.”* The developmental process powers student volition. This volition can
make contact with undergraduate experience in science, setting the student
in motion with energy that comes of their own interest in science. It goes by
other names, including engagement, ownership, and involvement. It produces
independence, creativity, and discovery.

What personal development does not produce in any direct way is an
interest in joining a “workforce.” When we examine the benefits of under-
graduate research, we need to set aside the purely vocational goal of produc-
ing STEM workers. When we think about the bigger picture—the future of the
STEM workforce and the American way of life as portrayed in the numerous
government and committee reports—we see that the active, developing stu-
dent is not what the commissions and reports have in mind.

Consider the construct the government uses, “the STEM workforce.” The
image of the “workforce” may be a residual concept, originating in Vannevar
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Bush’s report to President Truman on the future of science and technology af-
ter World War II. Bush appointed a committee headed by Dr. Henry Allen Moe
to address the question, “Can an effective program be proposed for discover-
ing and developing scientific talent in American youth so that the continuing
future of scientific research in this country may be assured on a level compa-
rable to what has been done during the war?”** The committee’s response in-
cluded exploiting the Selective Service law of the time. The committee recom-
mended that soldiers who showed a talent for science “be ordered, by name, to
duty in the United States as students for training in science and engineering of
a grade and quality available to civilians in peacetime.” The committee added,
“It would not do to propose that such a plan should be done on a volunteer
basis.”® The original STEM workforce was a parallel to, and a subset of, the
military force. A student’s future in science was not to be discovered, it was to
be conscripted.

Where is the appeal of such a construct to an undergraduate student?
Young people are unlikely to desire to join an entity called “the STEM work-
force.” Indeed, adding “workforce” to any enterprise might dampen interest
in joining. The very name undercuts the individuality that students feel and
value as they journey toward their sense of identity. Consider also the values
of entrepreneurship and discovery that are linked to this workforce in govern-
ment reports. The heroes of modern technological entrepreneurship, such as
Bill Gates or Steve Jobs, did not join the STEM workforce. The STEM workforce
works for them.

The undergraduate research experience is considered the most direct
path to a science career. A classic study of the personalities of eminent scien-
tists was performed by psychologist Anne Roe.* Roe intensively studied biolo-
gists, physicists, and social scientists, noting that undergraduate research was
a compelling influence on the scientist’s career choice. “What decided him
(almost invariably) was a college project in which he had occasion to do some
independent research—to find out things for himself. Once he discovered the
pleasures of this kind of work, he never turned back.”’

But I suggest that the path is actually indirect. The goal society has in
mind, the STEM workforce, appears to be straightforward but is really the
refracted outcome. The direct outcome is personal development. Personal de-
velopment, so thoroughly explored by Piaget, Perry, Chickering, and others, is
the deep outcome of a research experience from which career choices stem.**
We must characterize this development in the context of the undergraduate
research experience. We must measure it and discern what it means. We must
place it in the context of an organization where the mentoring faculty are also
moving along a developmental path and where the subordinate institutions—
departments—are evolving. In order to clear the way for the full benefits of
undergraduate research, we must consider how undergraduate research helps
faculty members develop as professionals and as mentors. We must consider
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how undergraduate research may be the glue that joins faculty collaborations
across departments and the solvent that melts boundaries between depart-
ments. We need to see that if it is reasonable to accept the relation between
undergraduate research and student learning, then it should be reasonable to
accept the relation between research and teaching.

Undergraduate research in the sciences is a widespread practice, although
just how widespread is not precisely known. Mervis® cites statistics indicating
the number of students engaged in some type of research had risen 70% in the
previous decade. Kuh, Chen, and Laird,* using data from the National Survey
of Student Engagement, report that one in five seniors works on a research
project with a faculty member outside of a course or program, with 39% of
senior biological science majors and senior physics majors leading the way.
Webb* reported NSF data indicating that 72% of chemistry majors have re-
search experiences. Russell, Hancock, and McCullough* found survey respon-
dents differed in their rates of research participation, from 34% in mathemat-
ics to 74% in environmental sciences. Just how many undergraduates have a
research experience depends, of course, on the definitions used. Nevertheless,
it is fair to say that undergraduate research is not a new idea. It is also fair to
say that if undergraduate research is a powerful source of benefits to the stu-
dent, there are not enough opportunities available.

Touting the benefits of undergraduate research is not a new idea, either. The
National Conferences on Undergraduate Research (NCUR) and the Council
on Undergraduate Research (CUR) collaboratively endorsed a statement
supporting undergraduate research that included assertions of the benefits
(Appendix 1).#

For all the work done to assess its benefits, there is still a sense that un-
dergraduate research is a science department’s window dressing, a vehicle for
poster sessions and parents’ weekend exhibitions. There is a perception that
“undergraduate research takes place not in the designer’s showroom of new
ideas, but in the bargain basement of existing materials and methods.”** Men-
toring undergraduate research “places an extra burden on everyone involved,”
according to Chapman; or “many faculty members seem to view it as more
of a burden than a benefit,” according to Mervis. Undergraduate research is
widely regarded as a student-centered experience, in the sense that students,
rather than faculty or institutions, accrue the lion’s share of the benefits. Be-
cause it is a “burden” and resource intensive, undergraduate research is rarely
described as a significant part of a science curriculum. Rather, supporters of
undergraduate research, such as PKAL, NCUR, and CUR, view undergraduate
research as “reform.”

Tobias, writing about two years after the second tier study, undertook
to understand better the success of science education reform in Revitalizing
Undergraduate Science.*> Tobias reported on a series of case studies of science
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reform that did or did not last. Her criteria for success included successful
recruitment of students, a high rate of retention, and high student and faculty
morale. She concluded that successful programs were initiated through local
commitment, usually through departments. Funding for the program made
its way directly into instruction. The reward system favored improvement. She
concluded, “The model for science education reform is not an experimental
model, not even a research model, but a process model that focuses attention
continuously on every aspect of the teaching-learning enterprise, locally and
in depth.”® Reform coming from a single individual with a strong belief'in the
ubiquity of his or her pedagogy, funded by external grants, and dependent on
the dedication of a few volunteers in isolation from the larger community, did
not survive.

How might undergraduate research help resolve the dyadic tensions I
listed earlier in the chapter?

Educating the select vs. educating everyone. Because students from the second tier
can successfully do undergraduate research and develop as scientists, under-
graduate research blurs the distinction between the elite and the masses.
Enlarging the scope of research opportunities, increasing the use of “research-
like” experiences in course settings, or requiring a research experience for
each student can expose every student to undergraduate research.

Scientist shortage vs. scientist surplus. The scientist shortage problem is under
attack, recently by Lowell and Salzman® in their critique of Rising above the
Gathering Storm. But the benefits of undergraduate research transcend argu-
ments about too few or too many scientists and engineers. The benefits of
undergraduate research are not strictly vocational. The personal development
that results from an undergraduate research experience is broad enough to
empower many career choices, enabling the student to become a member of
what Richard Florida called the “creative class.”*®

Creativity vs. accountability. Undergraduate research, which sets the occasion for
student creativity, invention, and problem solving, is more likely to meet the
needs for an active STEM workforce than any passive pedagogy, even if it could
be shown that the alternative promotes higher scores in standardized tests.

Too few vs. too many. The benefits of undergraduate research, which can be at-
tained to some degree in groups that practice research within course settings,
provide support for the argument in favor of allocating resources to smaller
classes. Further, the undergraduate research experiences may occur at aca-
demic institutions, national laboratories, within international programs, or at
industrial sites, and so increase the number and variety of research opportuni-
ties open to undergraduates.
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Disciplinary vs. interdisciplinary. Undergraduate research can be the vehicle for ex-
plorations in interdisciplinary research and teaching. Undergraduate research-
ers, working with students from other disciplines and perhaps co-mentored

by two or more faculty, may provide the leading edge of curricular change and
community building. It may be in the arena of interdisciplinary research that
students from the second tier rekindle their interest in science.

Teaching vs. research. Undergraduate research mentoring may be viewed as the
“purest form of teaching”*® with benefits to the mentor as a researcher and a
developing teacher. The need for inductive teaching for researchers and the
call for scientific teaching in the classroom induces a new opportunity for
unity of the two forms of creative work.

We must investigate the benefits of undergraduate research to students,
to faculty, and to institutions. We must fit the outcomes of undergraduate re-
search with the goals set by government reports and commissions. As we ex-
plore this topic, it will be necessary to clarify related concepts such as student
development and mentoring. First we turn to a description of the essential
features of an undergraduate research experience.
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The essential features of
undergraduate research

I would rather discover a single fact, even a small one, than debate
the great issues at length without discovering anything at all.
Attributed to Galileo

Defining undergraduate research

Because this book is about undergraduate research in the sciences, the term
“research” is shorthand for scientific research, where the adjective “scientific”
typically refers to the fields of biology, chemistry, physics, mathematics, engi-
neering, and psychology. The National Science Foundation gives the following
definition:

Research means a systematic investigation, including research develop-

ment, testing and evaluation, designed to develop or contribute to general-
izable knowledge.>

This definition takes on more dimensions as we think about research at col-
leges and universities, which Boyer suggests could be divided into four catego-
ries. He points out in Scholarship Reconsidered that research can take the forms
of discovery, integration, application, and teaching. The most familiar of these
forms is the scholarship of discovery, which “comes closest to what is meant
when academics speak of ‘research.”” Boyer writes:

The scholarship of discovery, at its best, contributes not only to the stock
of human knowledge but also to the intellectual climate of a college or
university. Not just the outcomes, but the process, and especially the pas-
sion, give meaning to the effort.>

This widens the NSF definition to include the effect that research has on the

institution and on the people who undertake it. In a later essay, The Student as
Scholar, Boyer commented that “the paradigm of scholarship might be appro-
priate not only for the professoriate but also for the students.” He suggested a
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program in which professors “help undergraduates sort out their own intel-
lectual interests” by involving students in research. “Further, every student,
as a requirement for graduation, would complete a research project, working
closely with a mentor.”*? Boyer, in short, invites collaboration between faculty
and students. The Council on Undergraduate Research® makes collaboration
central to its support of undergraduate students doing research. For CUR, un-
dergraduate research is defined as “An inquiry or investigation conducted by
an undergraduate student that makes an original intellectual or creative con-
tribution to the discipline.” More recently, Brakke asserted that “Undergradu-
ate research is original work conducted by undergraduate students working in
collaboration with a faculty mentor. As research, the intent is to provide new
knowledge and requires the communication of results in written and oral for-
mats.”* Note that Brakke identifies “collaboration with a faculty mentor” and
“communication of results” as essential features of undergraduate research.

These essential features were suggested by respondents to a short survey I
undertook a few years ago. I posed this question to science faculty colleagues
at three liberal arts colleges: “What are the essential features of undergradu-
ate research projects?” The responses are given in Table 2-1.5° The responses
included references to collaboration and mentoring, as along with these other
comments: “Students should strive to produce a significant finding” and “Stu-
dents should have an opportunity for oral [or written] communication.” The
two elements are linked.

We can create an undergraduate research program that provides research
mentors and requires a paper, talk, or poster at the end of the experience. But
because many research projects, even those performed by professionals, fail

to yield significant results, the element of producing a “significant finding”
can only be made likely, not certain. And, to be meaningful, the paper, talk, or
poster should have something significant to communicate. It might be argued
that a more manageable approach to student learning would be to have the
student reconstruct or rediscover a scientific finding that was already known.
Indeed, some forms of inquiry-based learning follow this path. Fortenberry>®
suggests that “the only fundamental difference between research and inquiry-
based learning is the prior state of knowledge of the broader community. In
research it is unknown by all; in inquiry it is only unknown by the learner.”

In the constructivist approach to science education, the student is allowed to
discover what the science community already knows—that some objects sink
and some float, that pendulums behave in a certain way, and so on—with the
intent that the construction of this knowledge will aid the student’s learning.
Constructivism is offered as an active learning strategy to promote retention
and understanding of material. But authentic research includes the additional
feature of contributing to generalizable knowledge or “knowledge produc-
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tion,” and thus differs from other active learning strategies. The two goals of
undergraduate research are student development and knowledge production.
A few undergraduate courses or seminars have both these features, but under-
graduate research should always have both.*”

If producing new knowledge becomes one of the essential features of un-
dergraduate research there is no need to differentiate between undergraduate
research programs that focus on student development and those that focus
on knowledge production. Student development in undergraduate research
depends on knowledge production. Undergraduate research experiences set
the occasion for discovery, and discovery sets the occasion for growth as the
student researcher encounters the maturing process of communication, argu-
ment, and peer review. When the knowledge produced by research is truly
new, not even a mentor can claim sole authority over it, and it can fall to the
undergraduate to communicate, argue, and advocate for the discovery.*® Veter-
an mentors of undergraduate researchers relate the moment when a student,
having presented a paper or attended a conference, comes to the surprising
conclusion that “I know more about my research than anybody else does.”
Discovery as a feature of undergraduate research connects to self-confidence
and creativity as benefits of undergraduate research. College students discover
something about themselves: their competence or mastery of a domain.

Howard Bowen and his colleagues in their review of the value of higher
education, Investment in Learning, present findings that personal self-discovery
undergoes large increases in college, larger than increases in rationality or
good citizenship.®® Personal self-discovery about competence is private and is
part of a continuous process that originates in childhood. Children are mo-
tivated to learn “in situations where there is no external pressure to improve
and no feedback or reward other than pure satisfaction—sometimes called
achievement or competence motivation.”® In undergraduate research this in-
trinsic motivation is linked with the additional feature of producing new pub-
lic knowledge. Now private satisfaction is complicated by encounters with ex-
ternal evaluators: mentors, peers, and the larger community. Piaget noted that
after adolescents attain the level of formal reasoning, they begin sharing their
self:discoveries publicly, forming opinions on music, film, politics, religion,
and human nature.® They are moving from egocentricism to an awareness of
community and are busy comparing what they know to what the community
knows. They are ready for an intellectual challenge that moves beyond private
belief to shared belief, and undergraduate research provides the opportunity
for this kind of growth. The transition from private to public discovery implies
that some features of undergraduate research—discussions with mentors and
peers, effective presentations either spoken or written, reflective critique—are
essential to this transition. By making a contribution to knowledge, under-
graduates can advance their development toward independence. They are in a
position to convince the science community of something new, rather than to
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conform to common knowledge.

To accomplish this task, they acquire the methodology of science. The
methodological rules encourage the development of what King and Kitchener
term reflective judgment, which includes the ability “to claim that the
conclusions they are currently drawing are justifiable, believing that other
reasonable people who consider the evidence would understand the basis for
their conclusions.”® Children may be satisfied with a belief without reference
to contradictory data, such as when they indicate that water poured from a
short, wide container into a tall, narrow container has increased in amount.**
Undergraduate researchers discover that they cannot support their hypotheses
in the face of contradictory data. As Emerson once put it, “we must learn the
language of facts,”®® to communicate our discoveries to the world. The subject
matter of the sciences includes precisely those worldly phenomena that defy
our attempts to wish them away. Young children are egocentric, believing
that the sky is blue because the child likes blue. The older adolescent’s
encounter with science, where in the collision of fact and ego “the fact has the
right of way”,* is a formative experience in maturation. The student learns
to communicate new knowledge that is acquired within methodological
constraints. So, both discovery and communication are essential features
of undergraduate research, providing the discourse that Poincaré thought
necessary for objectivity.*’

Discovery in undergraduate research, already referring to private self:
discovery and public discovery of scientific information, has another meaning:
there is in science a discovery process, a creative but not entirely random
approach to uncovering new knowledge.®® Natalie Angier in The Canon quotes
a number of prominent scientists who describe this process of discovery.*
She writes, “I heard the earnest affidavit that science is not a body of facts,
it is a way of thinking. I heard these lines so often they began to take on a
bodily existence of their own.””® Some scientists have become reluctant to
refer to this process as “the scientific method.””* Haack has compared the
discovery process to solving a crossword puzzle. A new entry in the puzzle is
both inspired and constrained by the context of previous entries. Wolpert,
similarly, describes scientific creativity as “constrained by self:consistency, by
trying to understand nature and by what is already known.””> Seymour and
her colleagues see the adoption of the process as thinking and working like a
scientist.”? By whatever name, the process of guided discovery is an essential
feature of undergraduate research.

Guidance is provided by the methodological rules of science and by the
mentor, who models rule following and, on occasion, rule breaking. It is
not surprising, then, that guidebooks for mentoring include advice about
optimal undergraduate research projects. Mentoring would hardly apply to
the supervision of a student whose only task was to wash dishes or clean cages.
The selection of a project that involves discovery is essential to success. For



The essential features of undergraduate research 17

example, to prepare faculty members and graduate students for their roles
of mentor in undergraduate research, Handelsman and her colleagues have
created a program for training research mentors. Advice about the research
project is not separable from other advice about mentoring. Good research
projects should:™

¢ have reasonable scope,

¢ be feasible,

e generate data that the student can present,

enot simply consist of cookbook experiments,

e have built-in difficulties that will be faced after the student
has developed some confidence, and

e be multifaceted.

These elements get to the specific dynamics of the undergraduate research
experience. While some of them, e.g., “built-in difficulties” may be challeng-
ing to plan, the list suggests that these essential features of undergraduate
research optimize the learning experience for students. There is considerable
overlap between the list in Table 2-1 and the elements listed by Handelsman,
et al. Some essential elements are environmental (including adequate labs and
instruments); some refer to the behavior of the research mentor; some to op-
portunities; some to student behavior.

None, however, refer to the qualifications of the student who will par-
ticipate in undergraduate research. Although most undergraduate research
programs have student application and selection procedures, it is not clear
what kind of student will best profit from the experience. Reliance on previ-
ous course grades is risky; there are many anecdotes of students with modest
grades blossoming in the research environment. Harold White related the
story of two undergraduate research students who worked in his laboratory.
One, an A student, “never did anything without my affirmation. He dreaded
making a mistake and seemed incapable of exercising his own judgment on
the data he collected.” The other, a D student, “designed and modified his ex-
periments, interpreted data, and functioned almost independently.” Clearly,
the grades of the students did not predict success in the research lab.”

Beyond grades, the issue of what a student needs to know before he or
she attempts research is contested. It occurs in discussions of the advantage of
working with younger students (who have not had the time to complete the
curriculum) and of the challenges of interdisciplinary research (where some
definitions of interdisciplinary expertise require prior disciplinary expertise).
Willison and O’Regan provide one of the more thoughtful attempts to frame
the issue.” They examine commonly known, commonly not known, and to-
tally unknown kinds of knowledge, with the latter category including new
contributions to knowledge, and suggest a systematic framework for scaffold-
ing students to sophisticated research skills.
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The varieties of undergraduate research experiences

In our earliest attempts to identify the essential features of undergraduate
research, my student collaborators and I began by asking students to describe
their routine work. Informally we found ourselves using three categories of
experience—the employee, the apprentice, and the research fellow. The em-
ployee was a student hired to wash lab glassware, feed lab rats, or pull weeds
in the greenhouse. The employee had no part in an actual research procedure.
She read no literature, and authored no work. The apprentice was the most
common kind of researcher, especially in the sciences. The apprentice earned
a stipend and/or academic credit. She worked full-time in the summer, if possi-
ble, and participated fully in the research process. She read primary literature,
discussed research with her faculty mentor and other members of the lab
group, and collected and analyzed data. She was expected to present her find-
ings publicly, as a poster or paper presentation.” The research fellow worked
full time in the summer, communicating with a faculty mentor at regular
periods. She most often worked in mathematics or in the humanities. The
research fellow spent much time reading or thinking in solitude. The faculty
member functioned as a counselor. Like the apprentice, the research fellow
was expected to present findings, usually through a paper.

All three categories of experience have their uses and benefits, and over
time a student might have all three. A worlestudy first-year student might
become curious about research as a result of mere exposure to a science lab.
A research fellow might benefit from the independence of his experience. It is
the apprentices, however, that are most common in science undergraduate re-
search. Apprentices work during the academic year, when they also do course-
work, or during the summer when they do not. It is the summer apprentice-
ship that is perhaps the most dedicated and extended undergraduate research
experience, and for that reason much of the assessment of undergraduate
research is based on summer science apprentices.

Beyond distinguishing among these types of researchers, the models for
implementation of undergraduate research programs are remarkably diverse.
The Council on Undergraduate Research (CUR) has documented many models
of them.” Every academic discipline has models to follow. Research is per-
formed by first-year students and fourth-year students, by students in univer-
sity labs and in industrial labs, in the United States and abroad.

Avariable feature of undergraduate research is its duration. While sum-
mer may be the time for students to concentrate on their research, many
programs either front-load the experience with prerequisite or preliminary
work, while other programs provide follow-up experiences. Summer may be
used for a period of active data collection, for example, when the researchers
need to travel offssite to collect data, and the following fall term is used for
analysis and communication. Sometimes a student participates in research
for a summer, then returns for a second summer as a trained apprentice. The
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experienced apprentice is appreciated by faculty researchers; in addition, the

trained apprentice may function as a group leader or a peer mentor. Recently,
research programs have attempted to attract younger students and offer them
extended research experiences over several years.

For anyone considering implementing an undergraduate research
program, summer is an attractive option. For faculty at many institutions,
summer is when teaching is discretionary. There is time to do research. Stu-
dents have opinions about the summer as well. In recent years, I have offered
students a survey that includes a comparison of summer and academic year
research for those students who have done both.” Students completing the
SURE AY (academic year) were asked if they had experience with both summer
and academic year research. About a third of the students had both experi-
ences. If they answered in the affirmative, they were presented with the series
of statements shown in Figure 2-1. The students expressed their level of agree-
ment with statements comparing their summer and academic year experi-
enc