Downloaded via UNIV OF PITTSBURGH on August 25, 2020 at 15:07:51 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

JOURNAL OF

GHEMIGALEDUCATION

pubs.acs.org/jchemeduc

Short-Term and Long-Term Effects of POGIL in a Large-Enroliment
General Chemistry Course

Paulette Vincent-Ruz,* Tara Meyer, Sean G. Roe, and Christian D. Schunn

Cite This: J. Chem. Educ. 2020, 97, 1228-1238 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations |

ABSTRACT: Process oriented guided inquiry learning (POGIL) is a specific type of active learning centered on a learning cycle
where students first explore a concept through scientific models, followed by a concept invention, and finally a concept application
phase. In spite of POGIL’s research-based design and the many studies showing it increases learning outcomes, there is still a critical
gap in the knowledge behind the effect of POGIL in attitudinal factors and the mechanisms behind it. The current study seeks to
build an understanding of the mechanistic ways in which POGIL works and its effect on students’ attitudes and learning. The sample
consisted of students who enrolled in General Chemistry I in the Fall semester across 7 sections (classrooms) at an R1 (large
research) university in the eastern part of the US. Four sections used POGIL instruction (N = 809) while the other three used
Traditional teaching methods (N = 543). Statistical models using multilevel statistics show students in the POGIL condition had
higher chemistry identity, competency beliefs, and chemistry grades. Furthermore, performance in General Chemistry I appeared to
be a core mediator of all the observed differences in General Chemistry II where students in the POGIL condition still performed
better and had higher chemistry-related attitudes.
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B INTRODUCTION often transition back into later chemistry courses that are using
Traditional lecture-based teaching methods.

‘Why might POGIL have longer-term effects? Active learning
interventions have regularly shown long-term effects. For
POGIL in particular, some researchers have argued that students
are learning the chemistry content in a deeper way.” We argue
that, by engaging in a POGIL semester-long experience,
students will also go through a positive shift in their
chemistry-related attitudes. Chemistry-related attitudes are

Decades of science education scholarship have called for greater
use of student-centered approaches, particularly active learning
that requires students to act like scientists."”> However, such
active learning is hard to implement in introductory college
science classes because of the large amount of content that must
be covered juxtaposed against the time required for doing
meaningful scientific inquiry, especially during lectures.>*

Further, students often perceive that they learn less from active connected to performance.” Therefore, we would argue that
learning than from passive learning, creating resistance to students experiencing POGIL will have higher performance in
change.” In addition, while there is much research supporting both the POGIL course itself and in later courses. In addition, it
the use of active learning in general, some ways of implementing is also possible that attitude effects will primarily influence
active learning are less effective,” requiring research on more decisions to persist in chemistry and that later performance
specific forms of active learning. Finally, implementation of effects are caused by deeper mastery of chemistry content.
pedagogies that rely on teamwork, a common element of active Finally, Lo and Mendez’s review of learning effects in POGIL
learning, may be difficult to implement,® particularly in implementations revealed a lack of large-scale quantitative
introductory classes where students may be less skilled in studies showing more macrolevel evidence of POGIL
teamwork. effectiveness.'” Research is therefore needed to understand

Responding to this challenge, many chemistry instructors the mechanisms by which POGIL improves learning in order to
have begun to adopt POGIL (process oriented guided inquiry optimize its implementation or prevent lethal mutations. These

learning) because it provides structured guidance that allows considerations led to our research questions.

student to engage in inquiry learning in an eflicient way.3 As

reviewed in the next section, many studies have found positive Received: December 1, 2019
effects with POGIL. However, though other types of active Revised: ~ March 30, 2020
learning have shown positive long-term effects,” POGIL in Published: April 16, 2020

particular has little research examining this type of impact (e.g,,
performance in later courses or sustained attitudes toward
chemistry). This is especially important because students will
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4 mol A produces 10 mol C
6 mol B produces 8 mol D
6 mol A reacts with 9 mol B

1. What do the coefficients of a balanced equation represent?

2. If 6 mol A react, how many mol D are formed? Explain as a group

Hz (g) > NH;s (g)

Model 1
. 2A +3B 5C+4D
Exploration
2 mol A produces 5 mol C
‘ 3 mol B produces 4 mol D
2 mol A reacts with 3 mol B
Concept
Invention A
how you calculated this answer.
‘ Given the following equation:
- - Nz (g) +
Application ’
If 0.052 mol of N2 react, how many mol of
NH3 are formed. Calculate the answer
using dimensional analysis

Figure 1. Example of a POGIL activity used in chemistry class and its mapping to each of the steps of the learning cycle.

e RQI: What are the effects of POGIL on immediate
outcomes (attitudinal, knowledge, and retention) within
large lecture classrooms?

e RQ2: What are the effects on later coursework?

e RQ3: Are the effects on later coursework a result of
increased chemistry knowledge or higher attitudes?

In the next section, we give a short overview of POGIL and
prior research on POGIL's effects on student learning, and then,
we present a new framework for how POGIL may be able to
support the development of positive chemistry-related attitudes
since there is relatively little research on that topic.

B POGIL THEORY AND PRIOR RESEARCH

POGIL is an active learning tool that has two conceptual
elements: process oriented and guided inquiry. Process oriented
refers to explicit attention to student-centered and teamwork
aspects of the approach that prioritize critical thinking and
building ideas across different students.”**''~"* For example,
students are asked to collaborate in groups, which forces them to
increase their oral communication skills as well as build on each
other’s ideas. Guided inquiry refers to the learning cycle in which
students are asked in every POGIL activity to infer chemistry
concepts from data in a highly structured approach.

More specifically, the POGIL learning cycle always has three
steps (Figure 1): (1) an exploration phase where students are
given a model (e.g, graph, data table, diagram) and given
scaffolding questions to extract information from the model, (2)
a concept invention phase where students must synthesize
information from the previous section and make a general-
ization,"™"> and (3) an application phase in which students
apply the concept to exercises that are close-ended ques-
tions.'”"” The combination of the learning cycle and the
teamwork leads to students learning each key chemistry concept.

Many studies have examined the effects of the POGIL
approach on students passing the class in which the approach
was used, including general chemistry, organic chemistry,
biochemistry, analytical chemistry, and computational thinking
classes. A recent meta-analysis of 21 studies found significant
effects of POGIL on reducing failure rates, on average reducing
the risk of failing the class by 38%."" The typical class size in
these studies was small (less than 50 students) or medium (51—
100 students), with far fewer studies of POGIL being used in
large classrooms.'® Furthermore, broader research studies on
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active learning, and also research specifically on POGIL, have
found that student success is dependent on factors that are
challenging in large lectures: instructor facilitation strategies,20
the way students engage in scientific discourse,”"** and prior
knowledge or skills.”” Therefore, the paucity of studies in large
lecture courses is unfortunately because the implementational
logistics may be too complicated to do so with fidelity and be
effective in such situations.”**

In addition, little work has examined the long-term effects of
POGIL (e.g., retention to the next course or performance in later
courses). Further, despite a frequently hypothesized connection
of active learning to attitudinal development along with content
learning," only a small number of POGIL studies have focused
on motivational outcomes such as chemistry competency
beliefs,” and no specific mechanistic explanation has been
provided for why POGIL should affect attitudes nor which
attitudinal variables in particular should be affected (e.g,
competency beliefs, sense of belonging, interest, and identity).
On the basis of a review of the motivation literature, we propose
the following framework for understanding how each step of the
learning cycle may be supporting the development of different
kinds of chemistry-related attitudes, which then motivates the
inclusion of specific attitudinal measures in the current study.

e Exploration: A key aspect of the exploration phase is
teamwork. In this stage, students brainstorm and compare
their reasoning behind their model interpretation.
Productive interactions with others can build a sense of
belonging in the classroom, which can have an effect on a
student’s feeling of belonging in chemistry more generallz,
which ultimately should affect their chemistry identity.”
Furthermore, students are exposed to a realistic aspect of
the scientific endeavor; observing the class culture
developed around exploration and productive struggle
can help students realize they are not the only ones that
find the concept difficult (i.e., influence their chemistry
competency beliefs).

e Concept Invention: Open-ended problems can increase
interest but can also lead students to experience a struggle,
which can be anxiety inducing and have negative effects
on students’ motivation.”” Such negative effects can be
buffered with adequate instructional support like the
scaffolding provided in POGIL activities, which can
ultimately have the effect of increasing their chemistry
competency beliefs.'”*>**

https://dx.doi.org/10.1021/acs.jchemed.9b01052
J. Chem. Educ. 2020, 97, 1228-1238
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FALL
Semester

POGIL
N =809

Traditional
N =543

\
[

SPRING
Semester

General Chemistry 2
N = 941

Figure 2. Student distribution across conditions in General Chemistry I, as well as number of students retained to General Chemistry II

o Application: The application phase provides students
with the opportunity to transfer theoretical concepts
through practice with close-ended problems."” It is in this
step where concept understanding is cemented from a
general and intuitive idea to the proper name, definition,
and use of the concept in chemistry. Practice with closed-
form problems can further lead to increases in
competency beliefs because of the lower struggle with
such problems.

B METHODS

Throughout the rest of the paper, we will capitalize names when
referring to specific measures/variables in methods and analyses
rather than constructs, similar to distinguishing a specific course
that was studied versus the general course on that topic.

Student Participants

The sample consists of students who enrolled in General
Chemistry I in the Fall semester across 7 sections (classrooms)
at a primarily research university in the eastern part of the US.
Four sections used POGIL instruction (N =981), and classroom
size ranged from 218 students to 258 students. The other four
sections used Traditional teaching methods (called the
Traditional sections; N = 620), and classroom size ranged
from 95 to 258 students (only one section had <200 students).
Each section was taught by one instructor; both approaches
involved a mixture of more and less experienced instructors, and
both involved tenure- and teaching-stream instructors. There
was at least one POGIL and one Traditional section taught at
roughly the same time throughout the day. Students did not
know to which type of classroom they had enrolled until the first
day of classes. The sample for analysis was restricted to freshmen
(84%) giving a total of 1,352 students (Figure 2). Of those
students, only 941 enrolled in General Chemistry II in the
following semester (69% overall retention rate). Table 1 shows
Demographics by group at the start of General Chemistry I and
General Chemistry II. There were no important demographic
differences between conditions.

Instructors

To ensure that the teachers were roughly comparable in teaching
quality, students’ grades in General Chemistry I (all traditionally
taught) in the prior year were examined within the teachers who
had taught this course the prior year. In fact, students in the
classes taught by the teachers who would implement POGIL the
next year had slightly lower grades than those who would
implement Traditional instruction again the next year (p <
0.0001, d = 0.27); i.e, there was a slight bias in favor of the
Traditional group in terms of prior teaching outcomes.
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Table 1. Demographic Distributions within Each Course as a
Function of Instructional Condition in the General
Chemistry I

Students, %, By Course

General Chemistry I General Chemistry II

(N =1,352) (N =941)
Variable” POGIL Traditional POGIL Traditional
Woman 67 64 68 64
First generation 9 8 8 8
Pacific Islander 0.2 1 0.3 2
Native American 0.8 0.3 0.7 0.3
Latinx S 7 4 6
Black 8 7 7 S
Asian 26 26 30 32
White 68 69 64 66

“Race/ethnicity percentage add up to more than 100% due to
students identifying as more than one race/ethnicity. 0.8% of
respondents identified as transgender or genderqueer in the survey.
Although nonbinary gender identity is an important element of
attrition in STEM, given the statistical nature of the analysis in this
study, trans and nonbinary students could not be meaningfully
included.

Intervention Implementation

An intervention is defined as “a specified set of activities
designed to put into practice an activity of known dimensions”.*®
The extent to which delivery of an intervention adheres to the
model originally developed is called the fidelity of implementa-
tion (FIO). However, DBER interventions in the published
literature often fail to describe these interventions with enough
detail so that others can judge both the results and reproduce
them in different environments. This is especially important
when multiple instructors are involved.”” The US National
Science Foundation has called for the measurement of FOI
when conducting impact studies and analyzing relationships
between variations in FOI and intervention outcomes.”” Stains
and Vickrey”” developed a set of guidelines to measure FOI
within DBER settings. Using those guidelines, we outline our
implementation of the POGIL intervention.

e POGIL implementation in the classroom: The inter-
vention used hybrid POGIL, defined as a combination of
the POGIL method (~1/2 of weekly class time) and a
more conventional lecture format (sometimes by having
half lecture and half POGIL the same day, and sometimes
full POGIL sessions), following the model by Perry and
Wright.”” Teams were created simply on the basis of
where students chose to sit on the first day of class. The
POGIL routines established in class were adapted from

https://dx.doi.org/10.1021/acs.jchemed.9b01052
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Table 2. Means, Standard Deviations, and Pearson Correlations for Outcome Measures at Time 1, Beginning of General

Chemistry II, and Time 2, End of General Chemistry II

Correlations”
Outcome Measure Mean (SD), N = 941¢ GenCheml GenChem?2 I1 12 CB1 CB2 F1
GenChem1 grade 2.6 (1.0)
GenChem?2 grade 2.8 (0.9) 0.727
Identityl (I1) 2.6 (0.7) 0.32 0.19
Identity2 (12) 2.7 (0.7) 0.50 0.48 0.81°
Competency Beliefs1 (CB1) 2.8 (0.5) 0.39 0.31 0.64 0.55
Competency Beliefs2 (CB2) 2.7 (0.5) 0.49 0.46 0.49 0.64 0.66°
Fascination1 (F1) 2.8 (0.6) 0.18 0.17 0.60 047 0.4 042
Fascination2 (F2) 2.8 (0.6) 022 021 0.58 0.58 041 0.50 0.69°

“Sample size reported for the pairwise-correlations between Time 1 and Time 2. PAll correlations are statistically significant at the p < 0.001 level.

“Correlation measures construct stability/malleability.

the work of Vishnumolakala and collaborators to fit our
institutional constraints.”” The class started with a quick
introduction to the topic and learning objectives. Students
then started the POGIL activity and stopped at the end of
the “Exploration” section to do a quick clicker quiz, where
the instructor provided feedback. Then, students
continued the activity and stopped at the end of the
“Concept Invention” section to do a quick clicker quiz,
where the instructor again provided feedback. The class
would then move to the “Concept Application” section
for the rest of class.

Class facilitation: POGIL pedagogy is hlghly dependent
on the facilitator’s role in the classroom.””" In a large-
enrollment class, it is not possible for a single teacher to
monitor approximately 80 teams in a single class (N =
264). A group of undergraduate and graduate TAs were
trained specifically to be in-class facilitators of POGIL
activities. This training consisted of a one-hour-long
session on POGIL at the beginning of the semester that
was led by a certified POGIL instructor that has been
training POGIL teachers for around 10 years. There were
also weekly meetings with instructors to talk about the
next POGIL activity and issues that were raised the prior
week. TAs were required to solve the POGIL activity for
that week before each weekly training sessions. There
were 8 TA facilitators present in a given classroom (1
graduate student TA and 7 undergraduate student TAs),
and each TA facilitator was in charge of approximately 11
teams (~3$ students).

Curriculum design and implementation: The syllabus,
clicker questions, exams, and homework were developed
by the four chemistry instructors and the research team.
The 19 POGIL activities were selected using the Wiley
Custom Select POGIL activity collection, and all students
in the POGIL sections used the same selected POGIL
activities in class.

Data Collection Procedures

The university provided researchers with enrollment data (for
tracking retention) and grades (for tracking performance
effects) in both General Chemistry I and II. The university
also provided other institutional data on the students to help
establish equivalence among conditions: race/ethnicity, first-
generation status, Advanced Placement (AP) Chemistry scores,
Math and Verbal SAT scores, high school GPA, and grades for
all university courses.
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All students who continued to General Chemistry II enrolled
in traditionally taught sections that each combined some
students who had previously experienced POGIL and some
students who had previously experienced Traditional instruc-
tion, thereby removing any confounds between prior instruc-
tional format and current instructor. Within General Chemistry
II, students were surveyed regarding their attitudes toward
chemistry at the beginning (referred to as Time 1) and end of
the semester (referred to as Time 2) to assess immediate and
long-lasting difference across conditions.

Academic Controls

To rule out prior differences in who enrolled in the POGIL and
traditionally taught sections as an alternative explanation, we
focused on dimensions previously found to be especially
relevant to general chemistry: standardized math scores,” high
school grades,31 and Advanced Placement Chemistry experience
and performance.*” Studies have shown the predictive power of
these variables on students’ college success, specifically in the
early undergraduate years.”” > However, it is important to note
that such grades and scores also reflect systemic inequities
against marginalized students, such as socioeconomic status and
opportunity access.”* >’ Inequities can be found in “shadow
education” (educational activities that occur outside of formal
schooling)**~** or school resources like AP course offerings.’”
Therefore, when reporting and interpreting coeflicients from
these variables, it is important to highlight the underlying
complexities in the factors these variables actually capture.

Standardized Math Score

In the United States, many universities require students to
provide scores from either SAT or ACT exams; of the
component scores within each exam, the mathematics
component is most relevant when it comes to STEM courses.
We used correspondence tables provided by the testing agencies
in order to convert ACT math scores into the SAT math scale™’
and henceforth refer to it as the standardized math score (M =
680, SD = 66, max = 800, national average = 530).

High School GPA

In the United States, high school course grades are reported on a
0—4 scale, but the grades from any Advanced Placement courses
(designed to be equivalent to introductory university courses
and involve a standardized end-of-course exam) are reported on
a 1S scale, effectively making GPA a 0 to S scale. Overall high
school GPA is used as a continuous variable (M = 4.0, SD = 0.4).

https://dx.doi.org/10.1021/acs.jchemed.9b01052
J. Chem. Educ. 2020, 97, 1228-1238
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Advanced Placement in Chemistry (AP Chemistry)

AP Chemistry covers general chemistry topics like atomic
theory, chemical bonding, phases of matter, solutions, types of
reactions, chemical equilibrium, reaction kinetics, electro-
chemistry, and thermodynamics. 25% of students enrolled in
General Chemistry I had AP Chemistry exam scores (M = 3.0,
SD = 1.0). Although students with high exam scores are eligible
to enroll directly in General Chemistry II, some students with
such scores choose to enroll in General Chemistry I anyway;
they are most commonly students who seek high average science
course grades for their applications to medical school. On the
basis of the distribution of scores, we created a three-level
categorical variable names for the AP Chemistry Condition: (1)
“High Score” for students who scored 4—S5 on the exam (8%);
(2) “Low Score” for students who scored 1—3 on the exam
(17%); and (3) “Did not Present” for those who did not have an
exam score in our data set (75%), meaning they either did not
take the course, took the course but did not take the exam, or
took the exam but chose to not share the score with the
university because it was a low score.

Outcome Measures

In this study, we use both academic and attitudinal measures as
outcome measures. Grades are not necessarily indicators of deep
Iearning.‘“’42 However, students internalize grades as a measure
of their abilities*>** and make course and career decisions based
on them.**® Therefore, when evaluating interventions, it is
important to pay attention to changes in grades and science-
related attitudes.’~*° Means, standard deviations, and inter-
correlations between outcome measures are provided in Table 2.
All outcome measures were positively correlated with each other
with at least a medium effect size, thereby requiring regression
methods to tease apart unique effects.

Academic Outcomes

In terms of academic outcomes, we focused on grades in General
Chemistry I and General Chemistry II, and retention from
General Chemistry I to General Chemistry II. University grades
were reported on a scale from 0 to 4. Another outcome measure
that is often important at the department level is the percentage
of students in the ends of the grade distribution (meaning the
highest grades). On the high end, we computed the percentage
of students with A+, A, or A— letter grades (scores from 3.75 to
4.0). On the low end, because most of the students in the class
are coming from majors that required a score at least a C to pass
a class, we calculated the percentage of students earninga C—, a
D, a fail, or a late course withdrawal (called the C-DFW rate).
For General Chemistry I, 22% of students scored in the high
range of grades, and 17% had a C-DFW. For General Chemistry
II, 29% of students had high scores, and 9% had a C-DFW.

Attitudinal Surveys

Students completed an online attitudinal survey (for extra credit
in the class) during the first and last few weeks of the semester
during General Chemistry II to produce measures for Chemistry
Fascination (interest in and mastery goals for chemistry content
and skills, 3 items, @ = 0.78°%°"), Chemistry Competency Beliefs
(beliefs about being having chemistry-related skills and being
able to successfully complete chemistry-related tasks, S items, o
= 0.84”°%), and Chemistry Identity (self-perception and other
perceptions of student as a science type of person, 4 items, o =
0.93°7°%).

The attitude measures were developed by adapting previously
validated scales: Colorado Learning Science Survey for Use in
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Chemistry (CLASS-Chem),*>*® the Chemistry Self-Concept
Inventory (CSCI),””"* and a Science Identity survey.”*>* These
surveys have been independently validated in several prior
studies in terms of stability, convergent validity, and
malleability.”**~> After selecting items for our instruments,
we conducted pilot studies. The first step was to conduct
cognitive interviews.”” These interviews consisted of think-
alouds in which approximately five male and female students
from diverse backgrounds read each item, explained in their own
words what the item was asking, and explained the reasoning
behind their elected response to the item. This process ensured
that the items reflected what they were intended to measure in
the student population to be studied. Additional psychometric
analyses (Exploratory Factor Analyses and Item Response
Theory analyses) were then conducted on the basis of pilot data
in multiple levels of university coursework to remove poorly
behaving survey items and ensure overall acceptable scale
properties.

Finally, we also tested for one important measure of reliability
for psychometric instruments, that of temporal stability. For an
instrument to be useful, it is important for it to have a reasonable
level of temporal stability. Given the test—retest interval (3—4
months), one would expect a test—retest coefficient of above r =
0.60 to be considered good and above r = 0.80 to be considered
excellent.”” Attitudinal constructs are considered to be semi-
malleable; that is, under intervention we only expect changes in
scale scores to be present for interventions that are at least
several weeks or months in duration, not single hour-long
experiences. The Chemistry Fascination test—retest coefficient
was r = 0.79, meaning it is very stable but there was enough
change from Time 1 to Time 2 to be considered semimalleable.
Test—retest for Chemistry Competency Beliefs was r = 0.66, and
for Chemistry Identity it was r = 0.81. These three attitudinal
constructors present sufficient stability to be considered reliable
and evidence of semimalleability.

B ANALYSES

We began with simple statistical tests of differences by condition
and then constructed more advanced statistical models that
more accurately modeled the effects of instructors and
controlled for potentially confounding variables. The specific
analysis details varied by the nature of the dependent variable:
continuous (like grades and attitudes) or categorical (like
retention or particular grade end points).

Differences Across Conditions

Continuous Variables. For continuous variables, we
conducted t-tests as a way of testing difference across conditions.
However, when testing for multiple outcomes at the same time
point, it is important to avoid the accumulation of Type-I errors
when conducting multiple comparisons.’" p-Values of compar-
isons were adjusted using Hochberg’s method, which involves
conducting statistical inference of hypothesis by starting with
the largest p-value.”” Cohen’s d was used as a measure of effect
size. With large sample sizes, a difference can be statistically
robust but practically meaningless.”> Effect sizes provide a
magnitude of the difference between two groups: by convention,
Cohen’s d-values of 0.2 are called small effect sizes, 0.5 medium,
and 0.8 or more large.”® The effectiveness of a particular
intervention can only be interpreted in relation to other
interventions that seek to produce the same effect.’*

Binary and Categorical Variables. For categorical and
binary variables, we conducted a chi-square test of independence

https://dx.doi.org/10.1021/acs.jchemed.9b01052
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Table 3. Means and Standard Deviations by Condition, along with p-Values and Effect Sizes for the Condition Contrast for

Academic Controls at the Beginning of General Chemistry IT

Mean (SD) N = 941

Variable Type POGIL
Standardized Math” Continuous 684 (67)
HS GPA® Continuous 4.1 (04)
AP Chem Score” Continuous 3.0 (1.0)
AP Chem Group® Categorical
High Score,f% 18
Low Score, 5% 8

Traditional p-Values” Effect Size: Cohen’s d Values
676 (64) 0.14 0.12
4.0 (0.3) 0.15 0.11
2.9 (1.0) 0.77 0.08
15 0.33 1.27
8 0.77 1.10

“The p-values are corrected for multiple comparisons using the Hochberg method. bThe standardized math score represents SAT and converted
ACT math scores: M = 680, SD = 66, max = 800, national average = 530. “Grade point average may include at least one AP course; thus, it is
reported on a 0—5 scale. M = 4.0, SD = 0.4. “AP Chemistry exam scores have a scale of 1 S, with S a high score. “Odds ratio relative to “Didn’t
Present” AP Chemistry Exam (students who do not have an exam score in the data set). Students who scored 4—5 on the AP Chemistry Exam.

#Students who scored 1—3 on the AP Chemistry Exam.

(i.e., equal probability distributions by condition). Odds ratios
(ORs) were used as a measure of effect size. In this case, it
represents the odds that an outcome will occur in the POGIL
condition compared with the odds of it occurring in the control
condition. An OR = 1 means that treatment does not affect the
odds of the outcome; OR > 1 means that treatment is associated
with higher odds of outcome, and OR < 1 means treatment is
associated with lower odds of outcome. It is also important to
report confidence intervals whenever reporting an odds ratio to
provide a reader with some information about the precision of
the result.®* As a guideline, 1.5 < OR is considered a small effect
size and OR > § a large effect size. 3

Multilevel Models

For the larger and statistically significant differences in
outcomes, we then constructed multilevel statistical models.
Multilevel models are used to analyze variance on an outcome
variables while accounting for influence of various common-
alities students might share b_}r having the same teacher and
being in the same classroom.”” Since each instructor had only
one section, we used a two-level nested model (students nested
within classrooms). All mixed models were fit using the Ime4
package™ in the R statistical computing language.*’

Continuous Variables. For continuous variables, we ran
linear mixed models (multivariate regression accounting for
teacher differences). For each outcome, we ran two models: (1)
simple contrast, where intervention condition was the only
independent variable; and (II) with entry controls (intervention
condition, demographic variables, AP scores, and standardized
math scores) as independent variables.

Binary and Categorical Variables. For binary and
categorical variables, we ran generalized mixed models (multi-
nomial logistic regression accounting for nesting). For each
outcome we ran two models: (I) simple contrast, where
intervention condition was the only independent variable; and
(1) with entry controls (intervention condition, demographic
variables, AP scores, and standardized math scores) as
independent variables.

Structural Equation Models

Mediation Models. Mediation is the process by which one
variable transmits an effect onto another through one or more
mediating variables. A mediator variable (Me) is the variable
that captures a causal step between the dependent (Y) and the
independent (X) variables. For example, students from the
POGIL condition might perform better in General Chemistry II
because of their greater mastery of General Chemistry I content
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as measured through higher performance in General Chemistry
I. Mediation is tested by measuring the indirect effect, the
decrease in the relationship between condition and delayed
outcomes after partialing out the association between condition
and General Chemistry I grade. Mediation models were tested
using Structural Equation Modeling with the lavaan package and
the bootstrapping method using the DWLS estimator
(diagonally weighted least-squares). Bootstrap estimates are
less biased for sample sizes of N > 200, for both normal and non-
normal distributions.

B RESULTS

Before an examination of the research questions, it was
important to first assess whether there were any important
differences between populations before the intervention. As
shown in Table 3, there were no important differences between
students in the POGIL and Traditional sections in terms of
incoming academic characteristics. However, to be conservative
since there were some small differences and because including
important predictors improves statistical power/precision, we
control for these variables in later analyses.

What Are the Effects of POGIL on Critical Inmediate
Outcomes?

The left-most columns of Table 4 show the outcomes for
students as a function of having experienced General Chemistry
I in POGIL or Traditional Lecture formats on all the key
measures (e.g,, simple raw means and standard deviations; raw
percentages). The next columns to the right show effect sizes
and statistical-significance levels of the contrast between
conditions using different analytic models. Overall, students
were significantly different after the POGIL experience on many
outcome variables, both at the end of General Chemistry I and at
the end of General Chemistry IL

There were medium-sized differences in General Chemistry I
grades, which result from POGIL group students both being
more likely to score in the higher-grade range and being less
likely to receive a nonsatisfactory grade. POGIL group students
were also more likely to enroll in General Chemistry II the next
semester.

In terms of attitudes, the effects varied substantially by
attitude: (1) the POGIL group was no different on Chemistry
Fascination; (2) there was a small difference in Chemistry
Competency Beliefs; (3) there was a large difference in
Chemistry Identity. In fact, the POGIL group students were 2

https://dx.doi.org/10.1021/acs.jchemed.9b01052
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Table 4. Means, Standard Deviations, p-Values and Effect
Sizes for General Chemistry Outcomes

Effect Size for POGIL vs

Mean (SD) N = 1,352 Traditional®
Simple With Entry
Outcome POGIL  Traditional Contrast” Controls
Gen Chem I Grades®
Mean grade 28 (1.0) 24 (10) 0.327 0.11°
High grade, % 26 16 1.6:1¢ 1.5:1°
Not Satisfactory 14 20 0.7:1¢ 0.6:1°
grade, %

Retention to 73 64 1.6:14 1.5:1°

Gen Chem II, %
Attitudes toward Chemistry at Beginning of Gen Chem II, N = 941°

Fascination 2.9 (0.6) 2.8 (0.5) 0.04% h
Competency Beliefs 2.9 (0.5) 2.7 (0.6) 0.24¢ 0.11¢
Identity 2.8 (0.6)  24(0.7) 0.52¢ 0.23¢

“Effect sizes of the condition contrast without and with academic and
demographic controls. bThe p-values are corrected for multiple
comparisons using the Hochberg method. “Std Beta is reported for
continuous variables and Odd Ratios for binomial and multinomial
outcomes. N reported for students enrolled in General Chemistry II.
4p < 0.001. °p < 0.01.7p < 0.05. $Not statistically significant. “Follow-
up analyses omitted for nonstatistically significant simple contrast
effects.

times more likely to strongly consider themselves a chemistry
type of person (23% in POGIL vs 10% in Traditional).

What Are the Effects of POGIL on Critical Distal Outcomes?

Moving to distal outcomes, Figure 3 shows the percentage of
students with high chemistry-related attitudes and grades in each
condition at both the beginning and end of General Chemistry
IL. In this section we only describe the differences, while on the
next Research Question we explore possible mechanisms. At the
end of General Chemistry II, there continued to be differences in
the overall grade distribution between both conditions,
including a marginally significant effect of POGIL students

being less likely to fail General Chemistry II (see Table S).
Finally, students in the POGIL condition still report higher

Table S. Means, Standard Deviations, p-Values, and Effect
Sizes for Condition Differences in General Chemistry IT
Outcomes

Effect Size for POGIL vs

Mean (SD) N = 941 Traditional”
Simple Simple
Outcome POGIL  Traditional  Contrast Contrast
Gen Chem II Grades®
Mean grade 2.9 (0.8) 2.7 (0.9) 0.18¢ 0.12*
High grade, % 30 26 1.2:1
Not Satisfactory 7 11 0.8:1/ 0.6:1%
grade, %
Attitudes toward Chemistry at End of Gen Chem II°
Fascination 28 (0.6) 2.9 (0.6) 0.05" i
Competency Beliefs 2.8 (0.5) 2.7 (0.5) 0.19¢ 0.18°
Identity 28(07)  26(07) 027° 021

“Effect sizes of the condition contrast without and with academic and
demographic controls. The p-values are corrected for multiple
comparisons using the Hochberg method. “Std Beta is reported for
continuous variables and Odd Ratios for binomial and multinomial
outcomes. dp < 0.001. p < 0.01.7p < 0.05. %p < 0.1. "Not statistically
significant. ‘Follow-up analyses omitted for nonstatistically significant
simple contrast effects.

levels of Chemistry Competency Beliefs and Chemistry Identity,
though the size effects were both small at this time point.

For all outcomes showing significant simple differences,
additional models were run that control for incoming academic
factors and demographic factors to ensure the observed
differences were not a product of incoming population
differences (see Tables 4 and 5, “With Entry Controls”). All
the differences remained both statistically significant and
similarly sized, except for Chemistry Identity at the end of
General Chemistry II. Given that more students were retained to

) OPOGIL OTraditional Chemistry
. Chemistry . . . Grade
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=3 o 1 3 1 1 1 0,
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Figure 3. Percentage of students in each condition with high chemistry-related attitudes and grades after General Chemistry I and after General

Chemistry II.
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Intervention

H1: POGIL has direct effect

Critical Distal

Condition

> Outcomes

General
Chemistry I
Grade

H2: POGIL effect is mediated
through prior grade

Figure 4. Proposed mechanisms behind the differences in the distal outcomes.

General Chemistry II in the POGIL section, some adjustments
of effects sizes were possible with entry controls. Importantly,
the initial attitude effects, the retention effect, and the grade
effects were found to be robust across the simple contrast and
with the addition of entry controls.

The reduction in size of the Chemistry Identity effect by the
end of General Chemistry II was surprising, especially given its
large initial size and the robustness of the other differences. In
exploring the variability in outcomes by section (by General
Chemistry I section and by General Chemistry II section), the
sectional variation by General Chemistry II stood out. In
particular, there was substantial variation in whether Chemistry
Identity significantly increased (one section), stayed approx-
imately the same (two sections), or significantly decreased (two
sections). In other words, the Chemistry Identity effects seemed
to be partially overwhelmed by the new instructional context.

Do Immediate Effects of POGIL Explain the Distal Outcome

Finally, we explored the possible mechanisms behind the
differences in the distal outcomes. It is possible the differences
observed in General Chemistry II (retention, attitudes, and
grades) are a result of the improved knowledge and skills in
General Chemistry I (as might be indicated by higher General
Chemistry I grades). So, we compared models and tested two
alternative hypotheses: H1-POGIL had a direct effect on the
differences observed in General Chemistry II, or H2-POGIL
reflected that the General Chemistry II differences are mediated
through General Chemistry I grades (Figure 4).

The hypothesis was tested through Structural Equation
Modeling (SEM) with the bootstrap approach. Table 6 presents
the results from the formal mediation test. It is important to note
that the SEM test included all critical distal outcomes and
controls in the same model because the hypothesized mediator
is the same for all outcomes and it is necessary to account for the
correlations between the outcomes. In Table 6, the columns
“Indirect Effect — Outcome” and “Condition — Outcome”
show the key mediation results. If the effect of POGIL is at least
partially direct (meaning it is caused by some other underlying
mechanism), we would see significant coefficients in the
“Condition — Outcome” column. If the effect is significantly
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Table 6. Standardized Coeflicients for Mediation Test for the
Relationship of Condition to General Chemistry I Grades,
General Chemistry I Grades to Each Outcome, the
Remaining Direct Effect of Condition to Each Outcome, and
the Estimated Indirect Contribution of Condition to Each
Outcome

Structural Equation Modeling Results®

Condition
Distal Condition > GenCheml Indirect Effect -
Outcome GenCheml — Outcome — Outcome Outcome
Gen Chem II 0.28" 0.81° 023" 0.03
grade
Retention to 0.28" 0.70" 0.11° 0.01
Gen Chem II
Fascination T2 0.28° 0.18° 0.05° 0.01
Competency 0.28" 0.47" 0.13" 0.05
Beliefs T2
Identity T2 0.28° 0.50° 0.14" 0.03

“The SEM results include demographic and academic controls. bp <
0.001. Cp < 0.01.

mediated by the General Chemistry I grade, we would see
significant coefficients in the “Indirect Effect = Outcome”.

Mediation results showed that performance in General
Chemistry I appeared to be a core mediator of all the observed
differences in General Chemistry II. In other words, students
appeared to be more likely to enroll in the second course, feel
more confident, have a stronger identity in chemistry, and do
well in the second course because of their improved perform-
ance in the first course.

B DISCUSSION

Despite the call for greater use for student-centered approaches
in chemistry, there are very few studies focusing on under-
standing what chemistry-related attitudes are developed through
these approaches. Furthermore, even though there is a lot of
research focusing on the immediate effects of these inter-
ventions, there is less evidence on the delayed effects on
retention and performance on follow-up courses when
compared to other active learning approaches.”

https://dx.doi.org/10.1021/acs.jchemed.9b01052
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In this study, we focused on POGIL, a type of active learning
that provides structured guidance to engage in inquiry learning.
Our results support prior work showing that POGIL is more
effective at increasing students’ performance in General
Chemistry I when compared with Traditional instruction.'""
However, we also show that POGIL is more effective at
increasing students’ chemistry-related attitudes, an often
claimed but underexplored topic. In particular, there was a
medium-sized effect on students’ chemistry identity and a small
effect on competency beliefs. These two results supported our
proposed theoretical framework regarding the expected
effectiveness given the specific structures within POGIL.
However, to our surprise there were no important differences
in chemistry fascination; since most students in this course are
intending prehealth or biology majors, POGIL exercises with a
health focus or application may have been needed to increase
fascination.”” In addition, the General Chemistry I grade proved
to be a strong mediator of the differences in competency beliefs,
which is to be expected given the strong relationship between
competency beliefs and positive performance feedback. Differ-
ences in chemistry identity were also explained by grades,
pointing toward identitz as a dependent skill as well as
knowledge development.”****

Another important aspect of this study was related to showing
distal effects. Once students left the active learning instruction
classroom, they were still more likely to perform better rather
than revert to performing at the same level. Furthermore, the
mediation analysis showed that this increased performance was
connected to their General Chemistry I grade. This finding is
important because it provides evidence that the higher grades
exhibited in General Chemistry I were not due to arbitrarily
inflated grades from the instructors who were implementing
active learning. Further, being a stronger mediator than other
attitudinal factors points to the mechanism by which later
performance rests: stronger developed knowledge or skill within
the prior course. Finally, the differences in chemistry-related
attitudes persisted to the end of General Chemistry II, meaning
that returning to a Traditional environment did not erase these
attitudinal gains. Such attitudinal effects are important because
they influence student retention within STEM; indeed,
differences in retention into General Chemistry II were
observed.

B LIMITATIONS

The aim of this study was to deepen understanding of the broad
and potentially long-lasting effects of POGIL as a form of active
learning instruction. This study used survey instruments to
measure the effectiveness of the intervention. Survey instru-
ments are an effective way to assess impact in this context: Given
the length of the semester, it would be unlikely to see radical
changes on attitude endorsement that could be captured in a
small number of interviews. However, when it comes to
measuring attitudes, the particular surveys did not examine
how well students integrated their chemistry identity with other
identities (e.g., as a woman, as an athletic person, as a biology
kind of person), nor the ways in which identity was negotiated
during the class or why some students report lower competency
beliefs than others after the intervention. Further, these surveys
are not sufficient to assess the day-to-day activities or systemic
barriers that some students may have experienced. However,
given the validation work done on our instruments, we are
confident our surveys were useful in revealing the macrolevel
effects of the intervention on students’ motivation and grades.

Second, all results (both between section contrasts and
mechanism analyses) are fundamentally correlational in nature.
We did examine many plausible confounding variables and use
strategic research design (e.g, temporal measurement of
variables to determine directionality), and these decisions
allow us to get closer to causality.

Finally, the results also are more likely to generalize to other
similar contexts, such as large research-intensive universities
(rather than teaching focused institutions that may already have
more highly optimized non-POGIL instruction) serving
predominantly white students (rather than more diverse
institutions in which traditional underserved students are not
a numerical minority). Mechanistically, similar benefits should
also be observed in other contexts but may require other
adaptations to the approach to match the needs of the context.

B CONCLUSIONS

The aim of this study was to deepen understanding of the broad
and potentially long-lasting effects of POGIL as a form of active
learning instruction. Our results not only are consistent with the
literature but also further show that active learning can have
lasting effects on students into the follow-on course both in
terms of performance and chemistry attitudes. Furthermore, we
presented a new theoretical framework that ties specific aspects
of POGIL structure to chemistry-related attitudes. This
framework and supporting findings can guide other researchers
to better design POGIL activities that support the development
of chemistry competency beliefs and chemistry identity. Most
importantly, we hope that this study assuages the worries of
many practitioners about whether it is possible to implement
POGIL in large-enrollment chemistry classes. As shown here,
not only did instructors implement POGIL in a consistent
manner across sections but also they better prepared their
students for the follow-up course, even in their first
implementation of this approach.
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