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Incorporating authentic research experiences in introductory biology laboratory classes would
greatly expand the number of students exposed to the excitement of discovery and the rigor of
the scientific process. However, the essential components of an authentic research experience and
the barriers to their implementation in laboratory classes are poorly defined. To guide future reform
efforts in this area, we conducted a national survey of biology faculty members to determine 1)
their definitions of authentic research experiences in laboratory classes, 2) the extent of authentic
research experiences currently experienced in their laboratory classes, and 3) the barriers that pre-
vent incorporation of authentic research experiences into these classes. Strikingly, the definitions
of authentic research experiences differ among faculty members and tend to emphasize either the
scientific process or the discovery of previously unknown data. The low level of authentic research
experiences in introductory biology labs suggests that more development and support is needed
to increase undergraduate exposure to research experiences. Faculty members did not cite several
barriers commonly assumed to impair pedagogical reform; however, their responses suggest that
expanded support for development of research experiences in laboratory classes could address the
most common barrier.

INTRODUCTION

Over the past 15 yr, numerous reports have called on sci-
ence faculty to bridge research and teaching in order to
attract more undergraduates to science, technology, engi-
neering, and mathematics (STEM) fields (Boyer Commission
on Educating Undergraduates in the Research University,
1998; Project Kaleidoscope, 2002; National Research Council
[NRC], 2003, 2005). More recently, the American Association
for the Advancement of Science (AAAS) Vision and Change
report urged the integration of research experiences into bi-
ology education for all students (AAAS, 2011). The goal of
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these reforms is authentic science instruction that reflects bet-
ter what scientists do and how scientists think.

These directives are based on many studies showing the
positive impact of traditional undergraduate research experi-
ences, alternatively called mentored, independent, or collabo-
rative research, in which a student works in a laboratory or in
the field on a project with some faculty oversight (reviewed
by Seymour et al., 2004; Lopatto, 2006; Russell et al., 2007;
Crowe and Brakke, 2008; Laursen et al., 2010). The number of
students who can have such a traditional research experience
is limited, however, because of factors such as lack of funding
(President’s Council of Advisors on Science and Technology,
2012). In contrast, all science students take laboratory classes.
Unfortunately, the traditional laboratory experience in lab
classes, with “cookbook” experiments in which students fol-
low a predetermined methodology and then prepare an ar-
tificial scientific report, is not effective for teaching scientific
content or the process of science (Myers and Burgess, 2003;
Luckie et al., 2004; Rissing and Cogan, 2009). Such canned
activities can foster an unrealistic view of science as prescrip-
tive, unambiguous, and irrelevant and therefore do not reflect
“authentic” science (Bencze and Hodson, 1999; Rahm et al.,
2003; NRC, 2005).
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Because research-oriented laboratory courses can provide
many of the same advantages as traditional mentored-
research opportunities (Lopatto, 2009) and can reach more
students, recent efforts have been made to introduce authen-
tic research experiences in laboratory courses. Attempts to
incorporate the process of science into the lab exercises have
resulted in several different lab course models that vary in
level of student independence and in the types of research
questions addressed (examples are reviewed in Graham et al.,
2013). These different course-based research projects focus on
different aspects of authentic research. If support for research
experiences is to be expanded to laboratory instruction, it is
important to define the essential components of an authentic
research experience in a laboratory course.

The essential components of mentored research include
reading scientific literature, designing aspects of the research
project, working toward significant findings, and oral and
written presentation of the results (Seago, 1992; Lopatto,
2003). Several publications have attempted to define the level
of research experiences in laboratory class, using terms like
inquiry (e.g., guided inquiry, open-ended inquiry, teacher-
collaborative inquiry, and authentic inquiry), authentic, or
research-based (D’Avanzo, 1996; Olson and Loucks-Horsley,
2000; Rahm et al., 2003; Buck et al., 2008; Weaver et al., 2008;
Bencze and Hodson, 2009). However, the use of any one def-
inition may not reflect the vision of biology faculty about
incorporating authentic research experiences in the class-
room. Education reform toward authentic science instruc-
tion includes definitions of authentic science as a process
(involving critical thinking, hypothesis generation, experi-
mental design, data analysis, and scientific communication)
or as a product (novel results, new discoveries, and pub-
lishable data). This lack of a clear definition or adherence to
a definition not universally held could impede acceptance,
implementation, and funding for course-based research
experiences.

Other barriers to pedagogical reform could limit the ex-
pansion of research experiences into laboratory courses. In-
sufficient training, time, and incentive are among the most
commonly cited barriers for faculty change to reform teach-
ing (for a review of the literature, see Brownell and Tanner,
2012). Additional potential barriers include struggles with
professional identity (Brownell and Tanner, 2012); logistical
issues, such as adequate funding and persons to implement
teaching reform (Kloser et al., 2011); and faculty attitude that
traditional teaching formats are sufficient, because the stu-
dents who experience such formats do graduate and get jobs
(Benvenuto, 2002).

Efforts to broaden exposure to science inquiry through au-
thentic research experiences in laboratory courses could be
hampered by assumptions and lack of information about
the essential components of authentic research experiences
in these courses and the barriers to their implementation.
Henderson et al. (2011) note that, to bring about change in
pedagogical approaches, those changes must align with the
pedagogical values of faculty involved. To support faculty
members’ efforts to answer calls for research for all biology
students, it is important to gauge their views of the critical
components of experiences that mimic authentic research,
determine the extent of current implementation of authentic
research in courses, and identify the barriers that prevent the
expansion of those experiences.

Previous surveys of laboratory courses have explored the
types of experiences offered in introductory biology labora-
tory classes. A survey of members of the Ecological Society
of America at 131 institutions found a very low level of open-
ended investigations in 1996 (Brewer, 1998). The most recent
report of the status of introductory biology laboratories was
in 2005, with a survey of 65 institutions, asking faculty to re-
port whether lab experiences incorporated inquiry-based or
open-ended investigations (Sundberg and Armstrong, 1993;
Sundberg et al., 2005). Sundberg and colleagues found a high
level of inquiry-based experiences in all institution types,
but open-ended investigations were less common, especially
in research and comprehensive institutions. The information
from these surveys, now outdated, provided no information
about the degree to which these research approaches are used
in a laboratory course nor the faculty members’ views of the
critical components of research in laboratory classes.

Research Experiences in Introductory Laboratories (REIL)–
Biology is a network of faculty interested in exploring ques-
tions related to authentic research in introductory biology
laboratory courses. In particular, we want to expand profes-
sional development opportunities for faculty to create au-
thentic research experiences in laboratory classes. To inform
efforts to provide authentic research experiences for all stu-
dents through laboratory courses, we surveyed instructors
nationally to determine their views on the essential compo-
nents of authentic research experiences in introductory biol-
ogy laboratory courses, the level to which these experiences
are incorporated in these courses, and the perceived barriers
to implementing them.

METHODS

Survey Development and Implementation
We developed and carried out a national survey on authen-
tic research experiences in introductory biology laboratory
courses (see the Supplemental Material). The survey was
developed at a meeting of 12 faculty members involved in
the REIL–Biology Research Coordination Networks in Un-
dergraduate Biology Education (RCN-UBE) incubator project
(http://rcn.ableweb.org), along with core participants in the
Introductory Biology Project (http://ibp.ou.edu). The survey
asked faculty to define the essential components of an authen-
tic research experience in a laboratory course. Based on their
definitions, faculty members were asked to provide demo-
graphic information about the introductory biology labora-
tory courses they taught at their institutions, including the
percentage of those courses devoted to authentic research,
and to rank the importance of particular barriers to the im-
plementation of authentic research. The survey was widely
disseminated through email lists of the biology education
community, including the education sections of disciplinary
societies, the American Institute of Biological Science, the As-
sociation for Biology Laboratory Education, and the Council
on Undergraduate Research (CUR).

Survey Response Coding and Analysis
Coding Authentic Research Definitions. Definitions of au-
thentic research were coded in a two-step process. First,
NVivo software (QSR International, Burlington, MA) was
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used to create a list of the most frequently provided words
(and variations thereof) in the definitions of authentic re-
search. These terms and their variations were used to create
broad categories of descriptive expressions common to the
majority of definitions. The categories included the words:
“experiment,” “data,” “question,” “research,” “design,” “hy-
pothesis,” “presentation,” and “results.” We then used the
process of thematic analysis to refine the categories and cap-
ture specific themes (and their frequencies) that occurred
within them. This process allowed categories to be consid-
ered within the context of entire responses rather than just in
light of frequency of individual terms. For example, the word
“experiment” was the most common term found across all
definitions. However, deeper examination clarified that, in
most cases, survey respondents were referring to students
creating their own experimental designs to answer a ques-
tion.

To begin the analysis, one of us (C.W.B.) reviewed all def-
initions and categories and provided a preliminary coding
scheme of six themes within the definitions. These included
novel questions (i.e., unknown results), student-generated
questions, hypothesis formation, experimental design, data
analysis, and presentation or publication. Two of us (R.M.S.
and K.R.M.) then coded a random subset of definitions (n =
40) using the themes. We used Krippendorff’s alpha to com-
pare the interrater reliability of applied codes. Themes that
resulted in low interrater reliability were discussed until mu-
tual agreement was reached on understanding what a theme
represented and how it should be coded. Finally, three of us
(C.W.B., R.M.S., and K.R.M.) coded the remaining definitions.
For all themes, the interrater reliability was greater than 0.70.
Therefore, for definitions not coded the same by the three of
us, we used the coding of the majority. During the coding, a
seventh theme, data collection, emerged and was coded for all
definitions. Eighty-eight percent of the definitions included at
least one of the seven themes. Many of the definitions that did
not fit the defined themes were caused by the respondents’
failure to directly address the question.

Identification of Additional Barriers. An open-ended por-
tion of the survey allowed respondents to provide additional
barriers to implementation of authentic research experiences.
Eighty-six responses were recorded; some responses included
multiple additional barriers. Seventy-eight instances were ex-
amples or elaborations of barriers listed in the survey. How-
ever, 22 new, distinct barrier categories also emerged from
the data, and frequencies of these barriers were recorded.

Statistical Analyses
Definitions of Authentic Research. We used a Spearman cor-
relation test to determine the relationship between the themes
that were suggested by respondents’ definitions of authen-
tic research. To determine whether the presence or absence
of particular themes differed significantly among institution
types, we performed Pearson χ 2 analyses. A Kruskal-Wallis
rank-sum test was used to determine whether the number
of themes selected varied significantly based on institution
types.

Factors Influencing the Percent Authentic Research Incorpo-
rated into Laboratory Exercises. Because the variable per-
cent research was nonnormally distributed and attempts to

transform it were ineffective, we analyzed the factors influ-
encing the amount of authentic research incorporated into
laboratories using nonparametric methods. We used a Spear-
man’s correlation to examine the relationship between per-
cent research and the number of course sections for each
course reported in the surveys. To compare the percent re-
search in courses (averaged across all courses reported by
each respondent) taught by individuals who included a par-
ticular theme with those who did not include that theme, we
used Wilcoxon rank-sum tests. We determined whether the
percent research varied according to the number of themes
suggested by respondents’ definition of authentic research
using a Kruskal-Wallis rank-sum test. To determine the re-
lationship between institution or course type and percent
research, we averaged responses across course type for each
respondent and binned them into categories as follows: 0%,
0–25%, 26–50%, 51–75%, and 76–100%. We then determined
the relationship between the binned categories and institu-
tion and course type using Pearson χ 2 analyses.

Analysis of Reported Barriers to Including Authentic Re-
search Experiences. We used Kruskal-Wallis rank-sum tests
to examine the influence of institution type (e.g., research
university, 2-yr college, etc.) on the distribution of responses
for each of the barriers. Differences in perceptions of barri-
ers between faculty from minority and non–minority serv-
ing institutions were tested using Wilcoxon rank-sum tests.
Similarly, we compared the perceptions of barriers of faculty
from private and public institutions using Wilcoxon rank-
sum tests. Finally, we used Wilcoxon rank-sum tests to de-
termine whether there were differences in perceived barriers
depending on whether particular themes were included in
faculty definitions of authentic research.

All analyses were performed using JMP, version 9.0.0 sta-
tistical software (SAS Institute, Cary, NC).

RESULTS

Sample
Our national survey elicited 279 responses across institution
types (2-yr college: 17%; liberal arts college: 41%; compre-
hensive university: 13%; research university: 20%; not stated:
9%), equally split between public and private institutions.
Fourteen percent of responses were from minority-serving
institutions. Respondents provided data on 534 courses, the
majority of which were courses for majors (Figure 1). The vast
majority of respondents were leaders in these courses (76%
instructors and 15% directors). The frequency of responses for
courses serving majors, nonmajors, and mixed (majors and
nonmajors) did not differ among institution types (χ2 = 6.38,
df = 6, p = 0.39). However, courses for prehealth students
were more common at 2-yr colleges in our sample (Figure 1).

Definitions of Authentic Research
A word-frequency search of open-ended responses to our
question about the essential components of an authentic re-
search experience in a laboratory course identified seven
common themes (in order of decreasing frequency): 1) ex-
perimental design (n = 145), 2) data collection (n = 136), 3)
data analysis (n = 131), 4) presentation or publication (n =
103), 5) hypothesis formation (n = 89), 6) student-generated
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Figure 1. Percentage of course types by institution type.

questions (n = 83), and 7) novel questions (n = 62). Fewer than
15% of definitions failed to fit at least one of these themes, of-
ten because of confusion over the question being asked. Most
responses included more than one theme (Figure 2). The num-
ber of themes (Kruskal-Wallis test, χ2 = 7.72, df = 3, p = 0.052)
and the presence or absence of particular themes (chi-square
goodness-of-fit tests, p > 0.05) were not significantly affected
by institution type.

Two conceptions of authentic research in laboratory
courses emerged. The more common conception emphasized
the process of science, often incorporating multiple themes
except the novel questions theme (Figures 2 and 3). The less
common conception emphasized novel research questions to
the exclusion of the other themes (Figure 3). In other words,
when a respondent included only a single theme, it was most

often the novel questions theme (Figure 2). In most cases,
the themes were significantly positively correlated (Table 1),
but the presence of the novel questions theme in a response
was either significantly negatively correlated or uncorrelated
with the inclusion of all other themes (Table 1), supporting
the idea of two different conceptions of authentic research in
laboratory courses (Figure 3).

Level of Authentic Research
Students in introductory biology laboratory courses spend
on average a third of their time on authentic research activi-
ties; however, the amount of authentic research incorporated
into individual courses is variable, ranging from 0 to 100%
(Figure 4A). Twenty-three percent (23%) of courses have no

Figure 2. Frequency of different themes in definitions of authentic research by number of themes included in respondents’ definitions of
authentic research.
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Figure 3. Two conceptions of authentic research based on relationships among themes. The size of each box is proportional to the frequency
of a theme. Overlap of themes represents significant positive correlations between themes in definitions with more than one theme. Nine of 11
significant positive correlations are depicted. See Table 1 for the Spearman rank correlations between themes.

research, and 56% devote less than a quarter of course time
to research. The amount of research in a course is not affected
by the number of themes included in a respondent’s defi-
nition of authentic research (Kruskal-Wallis test, χ2 = 5.28,
df = 6, p = 0.44) or which themes were included (Wilcoxon
rank-sum test, p > 0.15 for all themes). However, research is
much less common in nonmajors courses (χ2 = 26.93, df = 1,
p < 0.001) and at 2-yr colleges (χ 2 = 9.87, df = 1, p = 0.002;
Figure 4B). The percentage of research in a course also de-
creases as the number of sections of a course increases (Spear-
man rank correlation, r = −0.167, p = 0.0002).

Barriers to Implementing Authentic Research
A summary of the most and least important barriers based
on the most frequent faculty response (mode) is given in
Table 2 (see Supplemental Table S1 for overall summary statis-
tics and Tables S2–S4 for summary statistics by institution
type). Across all institution types, lack of time to develop new
laboratory research experiences was reported as the biggest
barrier to implementation of authentic research in laboratory
courses for most faculty (mode of 4 out of 4 on a Likert scale
where 1 = “not a barrier,” 2 = “minor barrier,” 3 = “some-
what a barrier,” and 4 = “major barrier”; Tables 2 and S1).

Furthermore, additional barriers were considered to be ma-
jor barriers by faculty at specific institution types (mode = 4;
Tables 2 and S2–S4). In some cases, a potential barrier was,
in fact, not a barrier (mode = 1; Table S1) when we exam-
ined the data across all faculty but was considered a major
barrier (mode = 4) for a subset of faculty (e.g., lack of admin-
istrator support and instructor resistance at minority-serving
institutions; Table S3).

When we compared the importance of potential barriers
between institution types statistically, we found the reports
of several barriers differed significantly (Tables S2–S4). For ex-
ample, faculty at 2-yr colleges indicated that lack of time for
faculty to develop new research activities and lack of student
preparation were significant barriers, whereas faculty at re-
search universities identified large class sizes and large num-
ber of sections to be significant barriers (Table S2). Faculty at
minority-serving institutions identified lack of administrator
support, lack of facilities, and lack of time to develop new
research experiences as significant barriers (Table S3). Cost,
lack of equipment, number of sections, and lack of student
preparation are perceived to be significantly greater barriers
by faculty at public institutions in contrast to faculty at private
institutions (Table S4). The barriers due to number of sections
and lack of student preparation exhibit the most noticeable
differences in modal response between faculty at public and

Table 1. Spearman rank correlations between different themes in the definitions of authentic researcha

Novel
questions

Student-generated
questions

Hypothesis
formation

Presentation
or publication

Data
analysis

Data
collection

Experimental
design

Novel questions 1 −0.18 −0.20 0.04 −0.11 −0.21 −0.16
Student-generated questions −0.18 1 −0.01 0.04 0.11 0.13 0.25
Hypothesis formation −0.20 −0.01 1 0.15 0.27 0.21 0.06
Presentation or publication 0.04 0.04 0.15 1 0.37 0.43 0.20
Data analysis −0.11 0.11 0.27 0.37 1 0.50 0.27
Data collection −0.21 0.13 0.21 0.43 0.50 1 0.22
Experimental design −0.16 0.25 0.06 0.20 0.27 0.22 1

aBolded values are significantly correlated (p < 0.05).
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Figure 4. The percentage of a course devoted to authentic research experiences (A) for all courses in our total sample and (B) for courses
divided by institution type and course type. Error bars represent standard errors.

private institutions (Table S4). Additional barriers listed in
free responses fell into multiple, small categories (n = 22), in-
cluding time for implementation, logistics, student attitudes,
connection with lecture, creativity, and curricular resources
(Table S5), which suggests a strong contextual influence on
implementation of authentic research experiences. Overall,
the primary barriers to implementing authentic research
(Table S1) did not differ depending on how a respondent de-
fined authentic research, except that those faculty members
who included the theme of experimental design considered
lack of student preparation to be more of a barrier (χ2 = 4.35,
df = 1, p = 0.037).

Some of the potential barriers included in the survey were
not considered to be barriers by faculty respondents. Instruc-
tor resistance, lack of administrator support, lack of facilities,
effects on student evaluation of instructors, loss of content
coverage and breadth, lack of ways to effectively assess stu-
dent were all most often perceived to be not a barrier (mode =
1; Tables 2 and S1). In particular, more than half of the respon-

dents considered lack of administrator support and effects on
student evaluation of instructors not to be a barrier (median;
Table S1). However, it is important to note that the degree to
which some of these potential barriers were considered to be
(un)important varied among institution types (Table S2), be-
tween minority and nonminority institutions (Table S3), and
between public and private institutions (Table S4).

DISCUSSION

This study examined the definitions of authentic research in
the context of introductory biology laboratory courses, the
level of research experiences in these courses, and the barri-
ers to implementing authentic research according to faculty
members who teach these courses. Surprisingly, our survey
found different understandings of the essential components
of authentic research and highlighted errors in conventional
wisdom about barriers to implementing research experiences
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Table 2. Summary of barriers to implementation of authentic re-
search experiences in introductory biology laboratory classes, based
on Likert-scale modes

Overall
Most important barrier

• Lack of time for faculty to develop new research experiences
Not barriers

• Instructor resistance
• Lack of administrator support
• Lack of facilities
• Effects on student evaluation of instructors
• Loss of content coverage and breadth
• Lack of ways to effectively assess students

Major barriers specific to institution type
2-yr colleges

• Class size
• Cost
• Lack of student preparation

Research universities
• Class size
• Number of sections

Minority-serving institutions
• Cost
• Lack of student preparation
• Instructor resistance
• Lack of administrator support

Public institutions
• Class size
• Number of sections
• Lack of student preparation

in laboratory courses. The survey sampled a large number
of faculty members representing many courses in all insti-
tutions types, but, of course, the results could be biased by
differences between those who responded versus those who
did not. It is possible, for example, that faculty members who
offer research opportunities in laboratory courses were more
likely to respond, inflating the percent of laboratory instruc-
tion that involves research experiences reported in our study.
Also, conceptions of authentic research and barriers to its im-
plementation likely vary from individual to individual and
institution to institution. Finally, characteristics of authen-
tic research experiences may also be different in upper-level
courses. In short, there is no one “best” definition of authentic
research and no single barrier to overcome. Thus, this study
emphasizes the need to discuss definitions and measure bar-
riers before directing education reform. If we do not, we run
the risk of wasting efforts and ignoring real barriers. In a time
of federal reevaluation of best practices for supporting STEM
education reform (Mervis, 2013), such analyses are even more
critical.

The results of our survey suggest two conceptions of the
essential components of authentic research in introductory
biology laboratory courses (Figure 3). The predominant con-
ception relates to the process of science. In contrast, the less
frequent conception emphasizes exclusively novel research
questions. Clearly, the essential components of research ex-
periences in laboratory courses that emerged from our survey
overlap with those defined by Lopatto (2003) for mentored re-
search experiences. However, given the emphasis on science
process over novel results in most responses, all faculty do not
perceive authentic research in a laboratory course as simply
migrating mentored research into a course context and scal-

ing it up. The intention of this study is not to choose which
conception is correct but rather to measure the prevalence of
both views.

These two conceptions likely arise in part because of the
difference in their primary goals. Whereas the main objective
of mentored research is to produce science (i.e., publishable,
novel results), the main objective of research in laboratory
courses is to produce scientists (i.e., students who under-
stand the process of science). This dichotomy has been de-
scribed as a conflict between “products” versus “process”
(Rahm et al., 2003) or “science-as-a-noun” versus “science-as-
a-verb” (Apedoe et al., 2006). Both goals still reflect authen-
tic science instruction, in that they reflect what scientists do
in their own research laboratories. Although these goals are
distinct, they do not have to be exclusive; a well-mentored
research lab should strive to develop future scientists while
generating new data. Efforts to increase authentic research
in laboratory courses need to recognize that definitions of
authentic research are context dependent. Faculty who im-
plement research courses under different goals should be
sensitive to the limitations of either conception. Thus, faculty
members who develop course-based research that empha-
sizes student-generated questions and experimental design
but may not generate publishable data could provide extra
discussion of the rigor of the scientific process and publica-
tion during their courses. Likewise, faculty members who
oversee research activities that generate publishable data,
often addressing a faculty-defined hypothesis using estab-
lished protocols, could intentionally include exercises in stu-
dent experimental design. Though some models of authentic
research in courses that include both conceptions exist, they
are rare, and it would be unrealistic to require both in all
models of course-based research activities.

Different successful models of authentic research experi-
ences in laboratory courses demonstrate the diversity of ap-
proaches. Previous efforts have developed specific model sys-
tems for research-based laboratory courses (e.g., Research
Link 2000, www.cur.org/projects_and_services/research_
link_2000). In addition, model projects implementing re-
search experiences in college laboratory courses are being
used across multiple institutions (e.g., the Genome Consor-
tium for Active Teaching [Campbell et al., 2006, 2007], Inte-
grated Microbial Genomes Annotation Collaboration Toolkit
[Ditty et al., 2010], Howard Hughes Medical Institute [HHMI]
Phage Hunters [Hanauer et al., 2006], Genomics Educa-
tion Partnership [Shaffer et al., 2010], Ecological Research
as Education Network [Bowne et al., 2011]). Several exam-
ples of research laboratory courses explore topics that de-
rive from the instructors’ research programs (e.g., Bell, 2011;
Gardner et al., 2011; Gasper et al., 2012). Many of these
projects focus predominantly on the conception of authen-
tic research related to novel results, in which the research
question or the methods are defined by the instructor. The
Course-Based Undergraduate Research Experience Network
is working to bring together many of these models. On
the other hand, models of laboratory activities incorporat-
ing student-generated questions and experimental design are
commonly described in the literature as open-ended inquiry.
In many cases, these exercises do not generate publishable
data.

Some examples of authentic research in courses show ways
in which the two different conceptions of authentic research
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can be combined, even at the introductory level. For example,
Jacob (2012) has designed a semester-long course in which
students design their own experiments to examine aspects of
microbial diversity on a granite rock outcrop using molecular
methods. Similarly, Fukami (2013) describes an introductory
biology laboratory course in which students design experi-
ments related to his research program on flowering plants,
their pollinators, and the microbes in the nectar. In both
cases, students are addressing novel questions while work-
ing through all aspects of the process of science (Figure 3).
These examples more closely mirror the teacher-collaborative
approach described by D’Avanzo (1996), in which students
have varying degrees of independence, the research project
is controlled by both students and faculty, and the outcome
of the project is unknown.

Previous surveys of inquiry-based learning in biology lab-
oratory courses showed high percentages of courses incor-
porating inquiry but that open-ended experiments in which
students are defining the research question and the research
methods were rare (Brewer, 1998; Sundberg et al., 2005). The
one exception to the general trend was at liberal arts col-
leges, where 50% of institutions used open-ended experi-
ments (Sundberg et al., 2005). Neither survey asked explicitly
about authentic research experiences (Brewer, 1998; Sund-
berg et al., 2005). In fact, Sundberg et al. (2005) considered
open-ended experiments to constitute authentic research. The
results of our survey showed similar levels of authentic re-
search, with greater than 50% of courses spending less than a
quarter of the course on authentic research activities. The sim-
ilarity between the current and past surveys overall suggests
this survey is a representative sampling of research experi-
ences in laboratory courses and the barriers that limit them.
However, the current survey showed comparable levels of au-
thentic research between liberal arts colleges, comprehensive
universities, and research universities. Faculty at 2-yr colleges
report using authentic research experiences less frequently.
Not surprisingly, the lowest levels of authentic research were
found in nonmajors courses. Therefore, to bring about the vi-
sion of research experiences for all students we will need to
redouble our efforts at 2-yr colleges and in courses targeted
for nonmajors.

The low percentage of courses that incorporate more au-
thentic research experience suggests that substantial barriers
exist to implementing these experiences in introductory lab-
oratory courses. Interestingly, many commonly cited barriers
to the implementation of pedagogical reform in STEM were
not perceived to be substantial barriers by our survey respon-
dents (see Supplemental Table S1; Benvenuto, 2002; Brownell
and Tanner, 2012; Kloser et al., 2011). For example, instructor
resistance is low, and administrator support is not limiting in
most cases (although, as noted, lack of administrator support
is perceived to be a major barrier for faculty at minority-
serving institutions). Furthermore, laboratory course instruc-
tors do not seem concerned about a loss of content coverage.
Our results suggest that time for faculty to develop new re-
search experiences is the most pressing need. Furthermore,
the variation in responses to our question about barriers in-
dicates the need to clearly identify barriers for individuals
at particular institutions and not assume that all individu-
als and institutions are the same. The individualization of
pedagogical reform is critical (Henderson et al., 2011).

Recently, Brownell and Tanner (2012) suggested that the
professional identity of faculty as researchers rather than
teachers serves as a barrier to change in pedagogy. Profes-
sional identity was not included as one of the potential barri-
ers in our survey (see the Supplemental Material). However,
it was not listed as an additional barrier by any of our survey
respondents (Table S5). Yet integrating a faculty member’s
research program into a laboratory course would be an ideal
way in which to overcome this potential barrier (e.g., Chen
et al., 2005; Kloser et al. 2011; Fukami, 2013; Miller et al., 2013).

On the basis of the results of our survey, we propose sev-
eral ways in which to address the challenge of the Vision
and Change report to provide research experiences in biology
for all students. First, to expand efforts by researchers to in-
troduce research into the curriculum, research grant supple-
ments should be offered to scientists (similar to Research Ex-
periences for Undergraduates supplements) to partner with
science faculty with education specialties (SFES; Bush et al.,
2013), postdoctoral fellows, or graduate students to develop
research-based curricula for introductory laboratories for use
at their institution or as modules for broader dissemination.
Second, to expand the opportunity for education special-
ists to develop such exercises, funded fellowships should be
made available for SFES to work with researchers. Last, to
address the most common barrier to implementing authentic
research experiences, faculty need time for professional and
curriculum development, for example workshops funded by
RCN-UBE, Transforming Undergraduate Education in Sci-
ence, Technology, Engineering and Mathematics, and HHMI.
In all cases, faculty members participating in these programs
need to begin by defining the essential components of an au-
thentic research experience for their contexts and identifying
the barriers that need to be addressed.
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