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We present a model for the process of redesigning the laboratory curriculum in Introductory Organismal
Biology to increase opportunities for meaningful inquiry and increase student recognition of their scientific
skill development. We created scaffolded modules and assignments to allow students to build and practice
key skills in experimental design, data analysis, and scientific writing. Using the Tool for Interrelated
Experimental Design, we showed significantly higher gains in experimental design scores in the redesigned
course and a more consistent pattern of gains across a range of initial student scores compared with the
original format. Students who completed the redesigned course rated themselves significantly higher in
experimental design, data collection, and data analysis skills compared with students in the original format.
Scores on the Laboratory Course Activity Survey were high for both formats and did not significantly dif-
fer. However, on written course evaluations, students in the redesigned course were more likely to report
that they engaged in “real science” and their “own experiments.” They also had increased recognition of
their specific analytical and writing skill development. Our results demonstrate that intentional, scaffolded
instruction using inquiry modules can increase experimental design skills and sense of scientific ability in

an introductory biology course.

INTRODUCTION

As undergraduate biology educators, we are called on
to cultivate students’ scientific literacy by engaging them in
the process of science and training them in competencies
such as quantitative reasoning and science communication
(1). Involving students in scientific research supports the
development of students’ identity as scientists [reviewed
in (2)], which has been linked to increased persistence
of undergraduates in STEM (3). Development of science
identity involves working with others in a scientific con-
text, being socialized into the norms of scientific practices,
and internalizing a desire to become a “science person”
(4). Students’ sense of self-efficacy in science, a belief in
one’s ability to complete tasks within the field, is a critical
mediator between involvement in research and effective
development of their scientist identity (2).
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Introductory laboratory courses serve as a key curric-
ular opportunity to cultivate self-efficacy and science iden-
tities. Undergraduates enter introductory science courses
with a range of research experiences and quantitative skills.
The experience and feedback gained during an introduc-
tory biology course is a more important determinant of
sense of self-efficacy in undergraduate STEM than high
school biology and chemistry preparation (5). Instructional
approaches that reduce cognitive load by providing scaf-
folded guidance to students throughout the learning process
are efficient and effective, particularly at the introductory
level, when most undergraduates do not have substantial
prior knowledge of the processes of science (6). Students
who receive guided instruction in science process skills
early in their undergraduate careers demonstrate better
content acquisition and interdisciplinary ways of knowing (7,
8). When skill development was scaffolded and reinforced
through progressive course assignments in an introductory
course, students showed significant gains in experimental
design and graphing ability and they had higher scores in
subsequent required biology courses compared with peers
who did not receive scaffolded instruction (9). Integration
of interactive online science process skills tutorials into a
course led to significant gains among introductory students
with limited biology experience (10). These findings suggest
that scaffolded teaching of scientific skills in the context of
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a course has positive impacts on immediate learning and
long-term success among biology majors and can promote
equity in STEM.

Course-based undergraduate research experiences
(CUREs) that include elements of collaboration, broad rel-
evance, discovery, and iteration are proposed to enhance
student self-efficacy, understanding of the nature of science,
and scientific aspiration (I1). Undergraduate participation
in semester-long introductory biology CUREs has led to
gains in scientific thinking and skills in data analysis and data
interpretation (12), and improved persistence of science
majors (13). Additionally, participation in an introductory
chemistry CURE had a lasting influence on students’ under-
standing of the research process, feelings of self-efficacy,
and sense of accomplishment from doing laboratory work
(14). While semester-long introductory CUREs are one
way to increase research opportunities for undergraduates,
they are not always feasible to implement. Alternatively,
overlaying inquiry-based opportunities within traditional
undergraduate laboratory course structures can also have
significant positive impacts on scientific learning gains and
attitudes toward the process of science (8, 15-18).

We present a model for redesigning the laboratory
curriculum of an introductory Organismal Biology labora-
tory course. Our goals for course redesign were two-fold:
I) increase opportunities for students to engage in mean-
ingful inquiry and 2) intentionally scaffolding skill-building
to increase student recognition that they were developing
concrete, transferable scientific skills. We used several
measures to compare the outcomes between the original
and redesigned laboratory courses to examine how the
redesign influenced I) student gains in experimental design
skills, 2) students’ awareness of their own skill-building,
and 3) students’ perceptions of the relevance of the course
research experience. We hypothesized that redesigning the
Organismal Biology laboratory course would foster student
learning gains in experimental design, increase students’
recognition of skills they had developed by the end of the
course, and lead to more positive student perceptions of
the authenticity of their research experience.

METHODS

Institutional and course context

Introductory Organismal Biology is one of two intro-
ductory biology lab courses at Wellesley College, a small,
private, selective, women’s liberal arts college. The course is
taken to fulfill Biology and other STEM major requirements
or by nonmajors to fulfill a general education requirement.
Because it is an introductory course, many students take it
before declaring a major. Students may take the two-course
introductory biology sequence in either order; thus, some
students in Introductory Organismal Biology have already
taken Introductory Cell Biology, while for others this course
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was their first college biology lab experience. Six lab sec-
tions, capped at 16 students each and taught by full-time
instructors, are offered each semester.

Course redesign process

The original course format introduced students to
scientific practices in the context of instructor-prescribed
experiments. Students completed weekly assignments for
each lab that included graphing, statistical analysis, and/or
writing exercises. While opportunities for skill development
were offered, they did not emphasize student-driven ques-
tioning and hypothesizing, did not situate activities in novel,
broadly relevant research, and were not tied to scaffolded
learning objectives. Therefore, the original course format
was not aligned with evidence-based practices for effective
development of students’ scientific skills and science identity.

In the redesigned course, we sought to scaffold scien-
tific skill development and provide increasing opportunities
for student-driven inquiry and broadly relevant research
throughout the semester. We articulated broad goals for the
course and aligned measurable learning objectives that would
allow students to engage in authentic research practices and
move from peripheral to more central roles in the research
community as they acquired skills throughout the semester
(18, 19) (Appendix 1). A team of laboratory instructors
and undergraduate research assistants developed two new
course-based research modules (Introductory and Capstone)
and modified the existing middle modules during the summer
of 2016 (see Appendix 2 for a description of the modules in
the redesigned course). A summary depiction of the scaffolded
skill-building is shown in Table |, including when each skill was
introduced (l) and subsequently practiced (P).

Study sample

We collected data from five of six lab sections in spring
2016 (original format) and in fall 2016 (redesigned format).
The five sections selected each semester were taught by
a common set of three instructors and the one section
taught by a unique instructor each semester was excluded.
Students in the redesigned semester were told by instruc-
tors that the course had been revised but did not receive a
detailed description of changes made. In both semesters, the
majority of students were first- and second-year students
and the most common major was “undeclared.” Data about
first-generation college status, race or ethnicity were not
collected per our IRB protocol. There was no significant
difference in distribution of majors (Pearson chi-square, p =
0.196) or class year (Pearson chi-square, p = 0.074) between
semesters (Appendix 3). In spring 2016, 45% of students had
already taken Introductory Cell Biology before they enrolled
in Introductory Organismal Biology; in fall 2016, 47% of
students had already taken Introductory Cell Biology. We
assessed the redesign goals with a variety of tools. including
surveys, mastery rubrics, and course evaluations (20, 21)
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TABLE I.
Overview of scientific skills scaffolding in redesigned lab course.?
Introductory Middle Capstone
Module Module Module
(week) (week) (week)
skill Subskill I 2 |3 ]a|s|w0|n|n
l. Collat.)oratlvely observe, m.easure | P P P P P P p
organismal form and function
2. Design inquiry-driven scientific Questions & hypotheses: | P P p P
experiments instructor-designed
Grc"ups & variables: instructor- | P P P P
designed
Questions & hypotheses: student-
: | P P
designed
Groups & variables: student-designed | P P
3. Summarize, present, and analyze Graphs of means and standard
. . L NN | P P P P P P P
data using graphing and statistical | deviations
software Two-sample t-tests | P P P|P P P
ANOVA and Tukey’s post hoc tests | P P P P P
Figure and statistics selection |
4. Effectively communicate scientific | Descriptive figure captions | P P P P P P P
findings . L
Results text with statistics and | P P P p P P
figure references
Discussions connecting results to
. P P P
literature
Proper citations in text and
. P P P
reference section
Descriptive methods I P
Poster preparation and |
presentation

2The redesigned lab course focused on students’ learning of four main skills (with associated subskills). The week in which each skill
was introduced (I) and practiced (P) is shown.Weeks 6 to 9 are not shown because the activities were not part of the course redesign.

(Table 2). The statistical software program JMP |3 was used
to analyze all data. Our research protocols were reviewed
and deemed exempt by the Wellesley College IRB under
§46. 101b Exemption | and Exemption 2.

Tool for Interrelated Experimental Design

Students’ experimental design skills were assessed using
the Tool for Interrelated Experimental Design (TIED) (22).
A high score on TIED requires students to demonstrate an
understanding of five components of experimental design
(hypothesis, biological rationale, experimental groups, data
collection, and supporting observations), and design an
experiment where these components are aligned (22). The
highest possible total score on the TIED is 20 points. The
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TIED was administered in Lab 2 (Pre) and Lab 12 (Post).
Pre- and post-responses for each student were paired and
de-identified prior to scoring and analysis. Students with only
one response were omitted. Three biology faculty members
scored students’ responses with high interrater reliability
[intraclass correlation coefficient (ICC) = 0.945; 95% Cl =
0.933-0.955] and student scores were calculated using the
average of the three scorers. To compare development
of experimental design skills in the original lab format (n
= 56; 90% response rate) and redesigned lab (n = 52; 84%
response rate), we calculated normalized change, the ratio
of gain to the maximum possible gain, or the loss to the
maximum possible loss (23). Additionally, we examined the
distribution of normalized change in TIED scores in each lab
format based on student pre-semester TIED score quartile.
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TABLE 2.

Alignment of redesign goals, redesign changes, and assessment tools.

Goal

Course Changes to Address Redesign Goal

Tools Used to Assess Impacts of Course Changes

I. To increase
opportunities
for students
to engage in
meaningful
inquiry

Creation of Introductory Module to expose students
to inquiry practices beginning in the first week of lab,
including novel data collection with unknown results
Creation of Capstone Module to allow students

to demonstrate skills through a student-designed
experiment and present research in authentic
scholarly formats

Modification of existing Middle Module to enhance
inquiry

TIED (22)

* Pre-course

¢ Post-course

SEQ Qualitative Analysis
¢ Post-course

LCAS (27)

¢ Post-course

2. To increase

Explicit articulation of learning objectives for the

Personal Skills Rating on Mastery Rubric
¢ Pre-course

¢ Post-course

SEQ Qualitative Analysis

* Post-Course

student course

recognition * |terative and intentional scaffolded opportunities for
that they are students to learn, practice, and receive feedback on

developing scientific skills throughout the Introductory, Middle,
concrete, and Capstone Modules

transferable

skills of

scientists

Personal skills rating

Students from two sections per semester (n = 27 in
original course, n = 26 in redesigned course) completed a
“Personal Skills rating.” Ve adapted science and biology self-
efficacy scales (2, 24) to align with four main skill categories,
and associated subskills, emphasized in the course objectives:
Experimental Design, Collaborative Data Collection, Data
Analysis and Presentation, and Scientific Communication
(Appendix 4). Because we were interested in students’
perceptions of their skill level, we used a modified mastery
rubric rather than the “confidence” scale rating system. Our
modified mastery rubric (Appendix 4) articulates a devel-
opmental trajectory with explicit criteria describing each
stage (25, 26). Students completed the Personal Skills rating
in Lab | (Pre) and Lab 12 (Post). Pre- and post- responses
for each student in the original lab format (n = 25; 93%
response rate) and redesigned lab (n = 24; 92% response
rate), were paired and de-identified and rubric levels were
converted to numerical data prior to scoring and analysis.
Students with only one response were omitted.

Laboratory Course Assessment Survey

The Laboratory Course Assessment Survey (LCAS)
(27) was developed to distinguish CUREs, which contain a
research component with the potential to produce results
relevant to a broad scientific community, from “traditional
laboratory courses” which contain a series of discrete
“labs” or “exercises” that focus on content or technique
mastery. To examine student perceptions of their research
experience, we administered the LCAS in Lab 12 following
completion of the TIED. Data were de-identified prior to

4 Journal of Microbiology & Biology Education

analysis. The Collaboration subscale contained six items
related to actions that students were encouraged to per-
form in lab, the Discovery and Relevance subscale contained
five items related to expectations of the student research
experience in lab, and the Iteration subscale contained six
items related to how time was allocated to various activi-
ties in lab. All LCAS items were administered, though the
Discovery and Relevance items were delivered in slightly
different order than in the published instrument. Addition-
ally, the Likert scale for Discovery and Relevance and Itera-
tion items was reduced from a 6-point scale to a 4-point
scale (Strongly Disagree, Disagree, Agree, Strongly Agree;
we omitted Somewhat Agree and Somewhat Disagree).
The scale responses were converted to numerical scores,
and the average scores for each subscale were calculated
for students from the original (n = 58; 94% response rate)
and redesigned (n = 60; 97% response rate) lab formats.
Responses of “I don’t know/ | prefer not to answer” were
not included in analyses.

Qualitative analysis of student evaluation
questionnaires

To supplement data gleaned from the Personal Skills
ratings and LCAS, we analyzed students’ written responses
from anonymous end-of-course Student Evaluation Ques-
tionnaires (SEQs) [original format (n = 56, 90% response
rate) and redesigned format (n = 58, 94% response rate)].
SEQs are administered by the college at the end of every lab
and lecture course section and include open-ended ques-
tions that capture students’ thoughts and attitudes about
their course experience. We compared SEQ responses
between the original and redesigned course with respect
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to students’ reports of specific skills learned, of feelings
of confidence or self-efficacy in their skills, of doing “real”
science or biology research, and that the labs supported
learning that was relevant or transferable to their future
courses or career goals.

To analyze SEQs, we brainstormed possible keywords
and phrases that would provide evidence for our research
questions and we sorted them as either “skills” or “atti-
tudes.” The unit of coding was the sentence because of
the importance of context in understanding students’
statements, and only the first instance of a keyword in
a sentence was coded. Sentences could contain multiple
codes, such as references to course skills (e.g., “writing”)
and attitudes towards those skills (e.g., “confident”). The
qualitative analysis identified 18 different codes, with 7
codes representing various Course Skills and || codes rep-
resenting Course Attitudes. The coding system was used
by two authors (TLK and SMF) and intercoder reliability
was confirmed to have “substantial agreement” [Cohen’s
kappa: 0.75 (28)]. The relative frequency for each code was
calculated by dividing the frequency of each code by the total
number of student responses in that semester, allowing us to
compare how often students mentioned each code between
the two semesters.

RESULTS
TIED scores

To assess the effect of the redesign on students’
experimental design skills, we compared TIED scores for
the original and redesigned lab formats. Pre-semester
TIED scores in the original format ranged from 13% to 92%
(median score 77%) and in the redesigned format from 33%

0.35
0.3
0.25
0.2
0.15 ]

o I

0.05

Normalized Change in TIED score

Original Format Redesigned Format

Normalized Change in TIED score

to 93% (median score 67%). Post-semester TIED scores in
the original format ranged from 33% to 97% (median score
73%) and in the redesigned format from 43% to 98% (median
score 79%). The redesigned format yielded significantly
higher normalized change in TIED scores compared with
the original format (unpaired t-test, p = 0.020) (Fig. |A).

In the original lab format group, normalized change in
TIED score was high for students who were in the lowest
quartile for pre-semester TIED scores yet was low for stu-
dents in the other quartiles of pre-semester TIED scores
[Welch’s analysis of variance (ANOVA), p < 0.001]. In con-
trast, in the redesigned lab format, there was no significant
difference across the four quartiles of pre-semester TIED
scores (Welch’'s ANOVA, p = 0.405), showing a more con-
sistent pattern of normalized change across the range of
student pre-semester TIED scores (Fig. IB).

Student personal skills rating

Pre-semester Personal Skills ratings were similar in
the original and redesigned format (Table 3), except that
scores for Data Analysis and Presentation started signifi-
cantly lower in the redesigned format than in the original
format (unpaired t-tests, p = 0.005). Post-semester skills
ratings differed across lab formats, with students in the
redesigned course rating themselves significantly higher in
Experimental Design, Data Collection, and Data Analysis
and Presentation compared with students in the original
format. Growth in personal skills ratings (Post — Pre) was
examined, and significant growth was observed in all four
areas (Experimental Design, Data Collection, Data Analysis
and Presentation, Science Communication) in both the
original and redesigned formats (paired t-tests, p < 0.01).
Growth scores were larger in magnitude in the redesigned
format than in the original format.

B 00Id Format

0.6 ®Redesigned Format

0.5
0.4
03
0.2

0.1

0 %
-0.1

-0.2

Quartile 1 Quartile 2 Quartile 3 Quartile 4

Pre-Semester TIED Score

FIGURE I.A) Normalized change in TIED scores (mean + SEM) and B) distribution of normalized change scores (mean + SEM) based on
pre-semester TIED score quartile in the Original and Redesigned lab formats. TIED = Tool for Interrelated Experimental Design; SEM =

standard error of the mean.
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Pre- and post-semester personal skills ratings* (mean I@IE)I;Einlthe original and redesigned laboratory course formats.
Pre-Semester Rating Post-Semester Rating (Pos f;::v;z ting)
prson st Caegory | US| PetetEn | Or | et | gl | Reden
Experimental Design 2.6+0.7 2.8+0.9 3.0+0.6 3.5£0.5° 0.48+0.85¢ | 0.67+0.76°
Data Collection 2.6+0.7 2.7+0.7 3.4+0.5 3.7£0.4° 0.74+0.65¢ | 1.02+0.62°
Data Analysis and Presentation 2.4+0.7 1.7£0.92 3.21£0.6 3.6£0.5° 0.78+0.88¢ 1.89%1.0¢
Science Communication 2.3+0.6 2.0+0.7 3.0+0.6 3.3+0.6 0.68+0.76° | 1.23+0.64¢

*Ratings based on Mastery Rubric: | = Beginning, 2 = Developing, 3 = Proficient, 4 = Masterful.
3Indicates that mean pre-assessment score differed significantly between Original and Redesigned format (t-test p < 0.01,

Cohen’s d = 0.80).

®Indicates that mean post-assessment score differed significantly between Original and Redesigned format (t-test p < 0.01,

Cohen’s d > 0.70).

‘Indicates that within-semester Post-assessment was significantly higher than Pre-assessment (paired t-test p < 0.009).

LCAS scores

There were no significant differences in LCAS scores
between the original and redesigned formats for any of the
three categories: Collaboration, Discovery & Relevance,
or Iteration (Table 4). Overall LCAS scores were high for
all categories, with students generally reporting that they
“Agree” or “Strongly Agree” that the elements of Collabo-
ration, Discovery & Relevance, and Iteration were present
in both the original and redesigned format.

SEQ qualitative analysis

SEQ data were analyzed to explore students’ self-
awareness of their scientific skill-building and their percep-
tions of the relevance of the laboratory research experience
(Table 5). Students in both the original and redesigned
formats mentioned developing skills related to graphing and
data presentation in general, yet students in the redesigned
format were more likely to mention specific statistical

tests and data analysis techniques (42.9% in original, 72.4%
in redesigned). Additionally, while students in the original
format were more likely to comment on science writing in
general (91.1% in original, 58.6% in redesigned), students in
the redesigned format were more likely to name specific
aspects of science writing such as results texts, figure
captions, and discussion section (5.4% in original, 31.0%
in redesigned). Students in the redesigned format were
more likely to comment that they designed or conducted
their own experiment (34.5%) compared with students in
the original format (14.3%), and were also more likely to
mention that they engaged in “real science” or “actual sci-
ence” (15.5%) than students in the original format (3.6%).
Students in both formats commented that the labs were
practical, valuable, or relevant, and that the labs would
be useful for them in other courses, in their major, or for
their career goals related to science or medicine. Students
in both formats discussed learning and being challenged in
the lab course (58.9% in original, 77.6% in redesigned), and
commented on their academic growth and improvement

TABLE 4.
Average LCAS category scores* (mean * SD) in the original and redesigned laboratory course formats.

LCAS category

Original format Redesign format®

Collaboration (Average of 6 items) 3.7+0.3 3.6£0.4
Discovery & Relevance (Average of 5 items) 3.6+04 3.4+0.5
Iteration (Average of 6 items) 3.1£0.5 3.0£0.5

*Collaboration items: | =“never;”

=“one or two times,” 3 =“monthly,” 4 = “weekly”’; Discovery &

Relevance and Iteration items: | =“strongly disagree,” 2 =*disagree,” 3 =“agree,” 4 =“strongly agree.”

2Mean LCAS scores from the Redesigned lab format were not significantly different from the Original
format for any of the three features (p > 0.1, Cohen’s d = 0.20-0.30)

LCAS = Laboratory Course Assessment Survey.
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TABLE 5.
Qualitative analysis of written Student Evaluation Questionnaire (SEQ) data
from students in the original format and redesigned format.

Relative Frequency (/ # responses)

Attitudes Codes

Original Format Redesign Format

Learn/learned, challenging/challenged

[references to personal learning, “helped me learn”] >8.9% 77.6%
Improve, grow, helped me understand/develop, enhanced my skill/ability 50.0% 31.0%
Real science, actual science, real life, real world 3.6% 15.5%
Future/practical/useful/valuable/relevant 37.5% 31.0%
Science/biology/STEM major, upper level labs, other biology courses 44.6% 44.8%
Scientist/doctor/pre-med/medical school/dental/grad school 39.3% 31.0%
E:;;tei:seoi::c‘ee;?:nienr’\‘j:r{t/se’)’()cite/fun/engaging (general: for course, 62.5% 51.7%
:;s;igtri]\::ei:'z;arest/en]oy/excite/fun/engaging (specific skill, lab, 26.8% 8.6%
Negative interest/enjoy/excite/engaging (general and specific) 19.6% 6.9%
Practice/practicing 12.5% 15.5%
Confidence/confident 8.9% 1.7%
Skills Codes Original Format Redesign Format
Skills, techniques (general) (e.g.,“scientific skills,” “laboratory skills”) 23.2% 19.0%
Graphs/graphing, figures, Excel, presenting data, visualizing data 33.9% 25.9%
Statistics, ANOVA, Tukey, t-test, JMP, analyze or interpret data, analysis 42.9% 72.4%
Writing (general) (e.g.,“scientific writing,” “writing lab reports”) 91.1% 58.6%
Writing results text, captions, legends, discussion sections 5.4% 31.0%
Variables, hypothesis/hypotheses 1.8% 1.7%
Design/conduct own/new experiment 14.3% 34.5%

(50.0% in the original, 31.0% in redesigned). Students in the
original format were more likely to comment on their level of
interest or enjoyment in the lab, with more frequent reports
of both positive (26.8% in original, 8.6% in redesigned) and
negative comments (19.6% in original, 6.9% in redesigned)
about interest/enjoyment/excitement. Students rarely made
reference in the SEQs to their feelings of confidence, but
these types of comments were more likely for students in
the original format (8.9% in original, 1.7% in redesigned).

We present a model for laboratory course redesign to
increase inquiry and add explicit scaffolding of key scientific
skills. We used several forms of assessment to evaluate

Volume 21, Number 2

whether these changes had effects on students’ learning and
their perceptions of their skills and experiences in the lab.

Did the course redesign impact students’
development of experimental design skills?

Students in the redesigned lab format made significantly
greater and more consistent gains in experimental design
skills than students who experienced the original lab format,
suggesting that opportunities for scaffolded skill-building,
practice, and feedback were effective in supporting devel-
opment of experimental design skills among a range of
students in the redesigned course. These findings support
prior research indicating that scaffolding and opportunities
for inquiry-based practice may help increase equity for
introductory students (9), which is an important goal for
introductory courses that aim to attract and retain STEM

Journal of Microbiology & Biology Education 7
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majors from diverse backgrounds. These findings also sug-
gest that full conversion to a semester-long CURE, which
can be logistically, financially, or time-prohibitive for biology
departments (16, 29), may not be required to significantly
increase experimental design skills among introductory
students. Rather, deliberately scaffolding skills and providing
opportunities for students to practice these skills in the
context of modular inquiry lab activities can effectively train
students in these critical practices.

Did the course redesign impact students’ sense of
their own scientific skill-building and mastery?

While growth in students’ perceptions of their skill
levels occurred in both lab formats, students in the rede-
signed format rated themselves significantly higher at the
end of the semester. Increased scaffolding in the redesigned
course made the scientific skill-building more explicit on a
weekly basis. This scaffolding may have helped students to
recognize that they were gaining skills through their labora-
tory research experiences (rather than simply completing
isolated tasks), which can contribute positively to students’
self-efficacy and development of science identity (2).

Student evaluation questionnaire analyses supported
this finding. Students in the redesigned format were more
likely to mention that they learned specific skills related to
elements of data analysis and components of written scien-
tific reports. Students in the redesigned format were also
more likely to use the words “learned” or “learning” and
discuss being challenged in the labs. These trends suggest
that increased skill-scaffolding and inquiry opportunities in
the course design helped students identify and appreciate the
skills that they had learned. This supports previous findings
that introductory students can acquire awareness of their
skills and sophisticated views of the process of science when
they engage in an inquiry-based introductory lab experience
(15). Science self-efficacy is an important mediator to explain
how research experiences improve academic outcomes for
students (2). When students perceive that they are capable
of doing science, they are more likely to develop a sense that
they are becoming scientists (30). Therefore, our findings that
students in the scaffolded, redesigned course were able to
identify the specific learned skills and had positive perceptions
of their ability to use the skills are particularly meaningful.

As part of the SEQ analysis, we observed that the
redesigned group were less likely than the original group to
mention their confidence, interest, or enjoyment in the labs.
Itis important to remember that the SEQs were open-ended
and reflect students’ own decisions about what to share in
their evaluations of the course. It may be that students in
the redesign felt less confident or less interest in the course,
but it may also be that these students were compelled to
discuss specific aspects of their learning (e.g., their learning
of statistics, scientific writing, designing experiments) instead
of their personal feelings or attitudes. As we did not have
direct measures of students’ motivation or attitudes in this
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study, we cannot disentangle the reason for these differences
between the original and redesign groups. Because student
engagement and self-efficacy can be important mediators
of persistence in the sciences, future research should use
more direct instruments to further understand how courses
redesigned with this model impact these student attitudes.

Did the course redesign impact students’ views of
the relevance of the laboratory course research
experience?

The LCAS was created to distinguish “authentic”
CUREs from “traditional” lab courses, particularly in the
areas of Collaboration, Iteration, and Discovery and Rel-
evance. LCAS scores were high in both the original format
and redesigned format, although neither course was a CURE.
A recent study also showed that students perceived high
“authenticity” in both research and traditional introductory
laboratory course formats (31). The fact that LCAS scores
were high in both formats may indicate that introductory
students perceive any experimental process to feel like
legitimate research experience. As novice researchers,
introductory students may not understand the nuanced
ways in which the course research experience differs in
authenticity from a real research experience, though the
instructors do recognize this distinction (32). This rein-
forces the notion that educational experiences can have
significant authenticity for the students, even when there
is no purposeful design for authentic practice (31). The high
LCAS scores in both of our course formats may also reflect
that the LCAS is written using language that is meaningful
to educators and education researchers, but perhaps less
meaningful to or well-understood by students.

Because of the possible limitations of the LCAS language
and because “authenticity” as a concept has varied defini-
tions in biology education and biology education research,
we should solicit and listen to candid student voices to
understand the impact of course laboratory experiences
(31). The data from open-ended SEQs showed that students
in both semesters thought that the labs were practical and
valuable. However, there were interesting differences in
student comments about the course experience. More stu-
dents in the redesigned course format mentioned designing
their own experiment and doing “real” or “actual” science.
Additionally, more students in the redesigned course
wrote that the lab course contributed to their learning.
These assertions from students in the redesigned course,
combined with the increased number of statements that
named the specific scientific skills that were gained (e.g.,
ANOVA, Tukey, writing figure captions and results texts),
are particularly valuable because they are from students’
spontaneous responses about their overall lab experience,
rather than responses to targeted prompts. These SEQ
data may therefore offer a more authentic perspective of
students’ perceptions of the course, and of which aspects
of the course stood out for them as particularly impactful.
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CONCLUSION

We found positive outcomes for introductory organ-
ismal biology students as a result of increasing scaffolding and
student-centered inquiry in a redesigned laboratory course.
Students in the redesigned course demonstrated significant
growth in experimental design skills over the course of the
semester, were more likely to mention specific scientific
skills they had gained, and perceived that they were better
able to do science. These positive gains in skills, combined
with self-awareness of their skill development, can help
students to develop their science identity during research
experiences (2, 4) and reinforce the utility of this approach
for curriculum redesign.

There are a number of limitations to our study. Our stu-
dent population is from a single, highly selective, all-women’s
college and therefore not broadly representative of the
undergraduate population. The data collection was not repli-
cated in multiple semesters, and, because of the attributes of
our sample, we were unable to perform meaningful analyses
based on demographics (e.g., disaggregate by major versus
nonmajor, or by race/ethnicity or first-generation status).
Finally, students were not tracked longitudinally following
their introductory biology experience. Additional data about
the impact of scaffolding and enhanced inquiry should be
collected from more course sections and from a variety of
diverse institutions to determine the broad significance of
the model for curricular redesign presented here. Future
studies should also examine how scaffolded inquiry course
experiences at the introductory level influence student
success and retention in STEM majors throughout their
undergraduate careers, and how this curricular redesign
approach could be expanded strategically across all course
levels within undergraduate programs. Follow-up studies
could also examine how curricular redesign to scaffold skill-
building and enhance inquiry in lab courses has the potential
to equitably develop research skills among introductory
students with varied high school preparation.

From alogistical standpoint for practitioners, our study
demonstrates that it is not necessary to go “full-CURE”
in order for students to learn key facets of experimental
design and to practice and work toward mastery of impor-
tant scientific skills. We show that instructors can foster
positive student outcomes by redesigning their courses to
systematically and explicitly teach skills in the context of
inquiry modules and scaffolded assignments. Additionally,
this study demonstrates the value of gathering student voices
to assess the impact of a course research experience (31).
By analyzing written responses to open-ended course evalu-
ation prompts, we gleaned important insights into student
take-aways from their course that allow us to see what skills
and experiences they internalized and valued, which is not
always possible from Likert-type survey questions.
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