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of an implementation-ready laboratory investigation as well as an > Weeks 5 and 7: Design and conduct experiments to test

encouraging narrative of how to persist beyond the implementation hypotheses; analyze data

dips that come with adopting new curricula. e Measure protein content and myrosinase activity of broccoli
Taken in the second semester of the first year, the Cellular and cooked using various methods, standardize data, conduct

Genetics Systems lab uses investigatory modules to teach essential lab- descriptive statistical analyses, formulate conclusions based on

oratory skills, prevailing methods, and core competencies. Recogniz- data interpretation

ing that the typical flow of a research project — reading literature,
designing and conducting experiments, analyzing data — parallels
the learning cycle (Lawson, 1995), we surmised that modules aligned
with this flow would promote effective learning. We recognized a
growing body of literature — accessible to first-year students — showing
that cooking affects the nutritional properties of foods (e.g.,

Module 2: How do isothiocyanates (ITCs) affect the proliferation of
human (Jurkat) cancer cells?

> Weeks 1-2: Explore literature and master essential skills
* Conducting literature searches, reading scientific papers, using
microscopes, using sterile technique
> Weeks 2—4: Learn methods
e Human cell culture, cell counting using a hemocytometer,
microplate-based cell viability assay, DNA extraction, gel
electrophoresis
> Weeks 2 and 4: Design and conduct experiments to test
hypotheses; analyze data
* Measure cell death and DNA fragmentation to assess the effect of
ITCs on apoptosis, standardize data, conduct descriptive statisti-
cal analyses, formulate conclusions based on data interpretation

Lopez-Berenguer et al., 2007). To take advantage of innate student
interest in food, nutrition, and health, we selected the preparation
of vegetables, specifically broccoli, for consumption as the research
context for these modules. We believed this would provide a plat-
form for achieving significant engagement with our target core
competencies: scientific process, quantitative reasoning, and inter-
disciplinary science skills. The literature forms the basis for design-
ing interesting experiments. Affordable, durable instrumentation
and easy-to-use methodologies, even for students with little or no
prior experience, enable a focus on quantitative skills, data stan-
dardization, and interpretation, based on descriptive statistics and

O Methods: Assessment Strategy

graphs. Inherent interdisciplinary connections to chemistry, statis-

tics, and social issues (including food systems and heath policy)  Our assessment of the revised curriculum had several compo-

facilitate integrative skills. nents. In the first week of the course, students completed a pre-
assessment consisting of open-ended questions that involved
O Materials quantitative reasoning skills (such as calculating dilutions) that

are taught in a prerequisite chemistry course, and graphical inter-
For a list of instruments and materials needed each week, please  pretation. At midterm, we administered a lab practical exam based
consult the Instructor’s Manual provided in the online Supplemen- on Module 1 and, at the end of the course, a comprehensive final
tal Material. exam that included items that matched the pretest as well as other
items assessing mastery of core competencies and essential skills,
familiarity with literature, understanding of methodologies, and

O Methods
This laboratory course comprises two multiweek modules, each cen- 5
tered around a research question pertaining to the production of iso- - 2012  ®@2013 D204 2015 W2016
thiocyanates, nutraceutical compounds produced from glucosinolates %
in a reaction catalyzed by the enzyme myrosinase (Vermeulen et al., ¢ %
2008). Initial weeks introduce relevant literature and essential labora- g 35 :/ %
tory skills. Next, students learn key experimental methods by perform-  E 5 ,,.;:; Z
ing them. Finally, student teams formulate a focused hypothesis (based % Je ,, é .
on the literature), design and conduct an experiment to test this & %
hypothesis, and then standardize their data and perform descriptive ’ Z
statistical analyses. (Note: a course in statistical analysis is not a prereq- Lo %
uisite to our course.) 1 W -
The following is an outline of our two modules. Please see the SEliRTocess Labiskills Analyt/Quarit Integr Sci
Instructor’s Manual in the Supplemental Material for a more
descriptive summary of each week’s activities. Figure 1. Students’ perceptions of their core competency gains.
Module 1: How do food preparation parameters affect nutraceutical ~ Four SALG survey questions were used to assess perceived gains,
properties of broccoli? by way of a Likert-like scale ranging from “no gains” (1) to “great

gains” (5), with respect to scientific process, basic laboratory skills,
analytical and quantitative skills, and interdisciplinary integration
* Conducting literature searches, reading scientific papers, microliter (see Appendix A for question details). Sample sizes varied by year:
pipetting, preparing dilutions, using spectrophotometers, graphing 86 (2012), 93 (2013), 63 (2014), 71 (2015), and 58 (2016). Bars
» Weeks 4 and 6: Learn methods represent means + SE. Data from 2012 serve as the pre-
* Protein extraction and Bradford assay, myrosinase (glucose  implementation controls; cohorts from 2013-16 are independent
production) assay treatments reflecting ongoing adjustments to the course.

> Weeks 1-3: Explore literature and master essential skills
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Table 1. Student learning gains as measured by comparing performance on pretests and posttests in
2013-2014. Pretests were administered at the beginning of the semester, before students had been
exposed to the lab activities. Posttests were conducted at midterm and during the final lab. Normalized
gain (g) was calculated by averaging individual gains (Bao, 2006). See Appendix B for question details.

Percent Correct
Learning Outcome Pretest Posttest P? g
Scientific literature 59.0% 87.0% 0.000° 77.0%
search
Simple dilutions 14.7% 68.3% 0.000° 64.3%
Serial dilutions 3.3% 64.7% 0.000° 70.1%
Using a standard 26.3% 77.8% 0.000° 36.7%
curve
Quantitative transfer 2.0% 85.0% 0.000¢ 85.5%
with micropipette
Test total 19.9% 72.7% 0.000° 70.6%

%a = 0.05 adjusted with a Bonferroni correction.
PWilcoxon signed-rank test.

“Sign test.

dpaired-sample t-test.

Table 2. Feedback from student focus groups. Interviews were conducted in one section of the course by
a non-biology member of the faculty with expertise in student assessment. After compiling a larger set of
responses to each question, each class voted on three that best reflected their consensus.

Top Three Responses

2013

« Instructor and TA were helpful during
lab

« Learning in a hands-on way

« Practiced procedures before we had
to use them

2014

+ Learning practical techniques
« Lab manual clarity
 Group work

Focus Group Questions

What aspects of the lab helped you
learn?

« Class was too much work,
overwhelming

« Provide more explanation concerning
procedures

« Instructor feedback was inconsistent

What aspects of the lab hindered your
learning?

« Lab write-ups were too lengthy

« Lab went over scheduled time

« Uncertainty as to why a procedure
would be done

Downlo:

What specific suggestions do you have
for modifying the lab?

 More class discussion
« Better preparation for the midterm
* Recap of last week’s lab every week

« Increased clarity in expectations
« Increased clarity in lab manual
« Connect lab to lecture

mastery of data standardization, graphing, and interpretation
skills. We directly measured student learning gains by comparing
the mean scores on questions presented to students on the pre-
assessment to the mean scores on matched questions (see Appen-
dix B) presented on a midterm and a final exam (Table 1).

We also assessed affective outcomes, another key indicator of the
efficacy of our reforms. Students’ overall attitude toward the lab was
measured with campus-wide course evaluations (Appendix C)
administered at the end of the semester. To measure students’
self-perception of learning, we administered customized Student
Assessment of Learning Gains (SALG) surveys (Appendix A) to the

control (2012) and treatment (2013-16) groups (Figure 1). Finally,
we used focus group interviews at the end of the first two treatment
years (2013 and 2014) to solicit specific suggestions for improvement
from students (Table 2).

O Results

Significant Learning Gains Realized

By comparing responses to identical questions on pre- and post-
assessments (midterm and final exam), we directly measured
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learning gains in core competencies (Table 1). In all cases, normal-
ized learning gains (§) were significant. In particular, we examined
science process skills such as ability to use the literature and per-
form lab techniques, quantitative reasoning as used in dilution
calculations and with a standard curve, and interdisciplinary con-
nections with chemistry and statistics. Most students entering this
course have some knowledge of Internet search tools that are per-
tinent to scientific literature. Nevertheless, it was clear from the
comparison of students’ responses to the relevant pretest and
posttest question (see Appendix B) that they made learning gains
that reflect a greater ability to distinguish primary from review
articles and more attentiveness to the types of key words to use
when performing literature searches. In the prerequisite General
Chemistry course, students were taught to perform simple dilu-
tions and use standard curves; yet only a minority of our students
were able to explain these tasks on the pretest. Even so, through
repeated performance of these tasks throughout the biology labo-
ratory course, the majority of students demonstrated mastery of
these crucial skills. Our assessments also revealed that few stu-
dents came into the course with any experience in quantitative
transfer with micropipettes or with serial dilution; indeed, neither
of these was taught in our General Chemistry course. Despite this
fact, the majority of our students mastered these skills. This is
especially true of micropipetting, a technique introduced early
and employed nearly every week; the normalized learning gain
for this skill was the highest observed, at 85.5%.

Student Perceptions Reveal an Implementation Dip

Student perceptions of their mastery of core competencies, as
determined by analyzing their responses on end-of-course SALG
surveys (Figure 1), tended to decline in the first two years of
implementation (2013 and 2014) compared to our control
(2012). Students were asked to rate their improvement in four
bioscience competencies on a scale from 1 to 5 (1 = no gains,
3 = moderate gains, 5 = great gains): mastering the scientific pro-
cess of investigation; developing basic lab skills; developing ana-
lytical and quantitative skills; and understanding the connection
between the concepts in biology, chemistry, and mathematics.
Figure 1 reveals that for all competencies, except developing basic
lab skills, mean perception scores declined in the first two years
(2013 and 2014) following the curriculum revision in compari-
son to our pre-implementation control (2012). However, as
improvements were made in subsequent years (2015 and 2016),
there was a trend toward higher ratings in all of these areas.
These ratings tended to mirror the kinds of comments voiced
by students during the course, with frustrations most commonly
expressed in 2013 and 2014.

To further illuminate the nature of our implementation dip
(Fullan, 2007), we also scrutinized student ratings from end-of-
semester course evaluations. Figure 2 reveals some very informa-
tive results. First, students perceived that the intellectual chal-
lenge and effort required in our project-based modules had
increased compared to the level of challenge and effort in more
traditional labs (which these students experienced the prior
semester in General Chemistry). In fact, since project-based expe-
riences provide a richer learning environment, we expected stu-
dents to find this more challenging. Secondly, these data
revealed a mismatch between the significant learning gains made

Intellectual
Challenge

2z222z222zzzzzzzz;zzrz2Zzz

Amount
Learned

Student
Effort
Expected

Course as a
Whole

Teaching
Effectiveness

Instructor
Enthusiasm

Course
Organization

Clarity of
Instruction

Fairness of
Evaluation

ZZ22222zzzzzzizzzz;y:;z
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Student rating

Figure 2. Students’ perceptions and affective outcomes. End-
of-semester course evaluation questions were used to assess
perceptions of this course in relation to other courses by way
of a Likert scale ranging from “much lower than average/poor”
(1) to "average” (3) to "much higher than average/excellent”
(5) (see Appendix C for question details). Data are from one
instructor who taught one or two sections of the course each
year. Sample sizes varied by year: 16 (2012), 38 (2013), 34 (2014),
35 (2015), and 16 (2016). Bars represent means + SE. Data from
2012 serve as the pre-implementation controls; cohorts from
2013-16 are independent treatments reflecting ongoing
adjustments to the course.

by students in 2013-14 (Table 1) and these same students’ low
perceptions of their learning gains (Figure 2). Finally, our results
clearly show a correlation between higher perceived levels of chal-
lenge and effort, lower levels of confidence in the amount learned,
and lower perceptions of the course and instructor. Student opin-
ion of the course as a whole declined significantly from a mean of
3.8, which is on par with department averages for all courses, to a
mean of 2.6 in 2013 and 2.5 in 2014 (Figure 2). Similarly, per-
ceptions of the course’s organization declined from a mean of
4.0 to 2.7-2.8. These spilled over into lower opinions of the
instructor’s teaching effectiveness, clarity of instruction, fairness,
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and (to some extent) even the instructor’s enthusiasm. Together, 4
these data led us to initiate a series of revisions in attempts to

recover from this demoralizing implementation dip. 2
: | I
Scientific Teaching Aids Recovery S 25 *
Q

Scientific teaching entails the combined use of evidence-based ped- ¢ 2

agogies and course data to promote better learning (Handelsman § 15

et al., 2004). Our data reveal that even though our students were

making significant learning gains (Table 1), their perceptions were 1

declining (Figures 1 and 2). This is consistent with commonly held 0.5

faculty concerns about student resistance as a barrier to reform 5

efforts (Seidel & Tanner, 2013). Nevertheless, we took these as evi-
dence of the need for corrective action. Qualitative data from open-
ended SALG survey questions and focus group interviews revealed

Flowchart only Prompts only Flowchart + Prompts

Figure 3. Type of instructional scaffolding influences learning

the top areas of student dissatisfaction (Table 2):

e Lack of a clear connection between lecture and lab material

e Lack of understanding of significance of learning goals

outcomes. In 2014 three different instructors tested different
types of instructional scaffolding in their sections of the course.
One section (18 students) constructed experimental flowcharts

to reveal quantitative manipulations. Another section

(24 students) was given instructional prompts outlining the
necessary steps in quantitative reasoning. Other sections

(38 students) used both types of instructional scaffolding. One
week later, a midterm exam assessed performance on an
analogous quantitative problem (see Appendix B for details).
Scores for that problem are shown; bars represent means =+ SE.
One-way ANOVA revealed significant differences in
performance as denoted by the asterisk (p = 0.006). Scheffe
post hoc comparisons indicated that the mean score for the
“flowchart only” section was significantly lower than the mean
scores for the “prompts only” section (p = 0.011) and the
“flowchart + prompts” sections (p = 0.036).

 Expectation of more direction from faculty, less student self-
direction (i.e., less inquiry)

» Too much effort required to meet lab expectations

In response to these student concerns, we made several revisions
to the curriculum. We modified lab manual introductions to
more clearly explain how weekly activities pertain to the scientific
research process and the driving research question. We added
scaffolding, such as calculation prompts, to guide quantitative
analysis (Hmelo-Silver et al., 2007). We added text boxes to high-
light learning outcomes, critical-thinking tips, and vocational
connections. Questions that facilitate reflection at the end of each
lab period were also added to the lab manual. Collectively, these
steps were correlated with marked improvements in student percep-
tions and affective outcomes in 2015 and 2016 (Figures 1 and 2).
It is important to note that desired learning outcomes and per-
ceived intellectual challenge were sustained during the 2015 and
2016 iterations of the course. Thus, it is unlikely that the affective

instruction in 2013 and 2014 (Figure 2). Indeed, providing prompts
for performing a complex set of calculations for data standardization
(involving unit conversions and adjusting for dilutions) — rather than
guiding students to discover the required steps themselves by con-
structing a flowchart of the experimental manipulations (Figure 3) —
contributed significantly to our implementation dip recovery in
2015 and 2016 (Figures 1 and 2).

Between the first and second iterations of the course, we took
steps to address the concern that the lab contained too much
material and was overwhelming. We attended to this by reducing
the number of modules from three to two (Table 3), thereby
providing more time for in-class guidance when performing

outcomes increase can be attributed to any perception of the course
being made “easier.”

O Implementation Notes

After our first year with the new course, the implementation dip
guided revisions that we now see as key for other potential adopters
to consider. The signature component of our implementation dip
was the mismatch between student perceptions of their learning (Fig-
ures 1 and 2) and their actual learning gains (Table 1). This contrib-
uted to lower student self-efficacy, science identity, motivation, and
negative attitudes (as is evident in written comments on SALG sur-
veys, course evaluations, and focus group interviews; Table 2), all of
which pertain to the affective domain (Tryjillo & Tanner, 2014). This
type of mismatch between perception and achievement is not uncom-
mon when instructors adopt learner-centered pedagogies that alter the
classroom dynamics (Van Sickle, 2016). Inquiry-based learning often
requires the students to invest more time and effort, which the stu-
dents may think could have been avoided if they were “told what to
learn” (Loughran & Derry, 1997). We surmise that this contributed
to our markedly lower scores for course organization and clarity of

more complex calculations (quantifying protein levels and
enzyme activities; see scaffolding in Appendix D) and making
appropriate inferences that take into account the variance in the
data (see Instructor’s Manual, p. 9, in Supplemental Material).
After this modification, we noted that student affective disposi-
tions stopped declining in 2014 (Figures 1 and 2). However, they
did not improve significantly until we had taken additional ped-
agogical steps to provide sufficient guidance in the research pro-
cess and data analysis stages. Our data demonstrate the necessity
of providing direct instruction in teaching unfamiliar methodolo-
gies. For examples of this direct instruction, see teaching tips in
the Instructor’s Manual for procedures such as micropipetting
(p. 8), gel electrophoresis (p. 29), microscopy (p. 24), the use
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