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ABSTRACT: This study investigates the potential of five factors that may be predictive of success in college general chemistry
courses: prior knowledge of common alternate conceptions, intelligence, scientific reasoning ability, proportional reasoning
ability, and attitude toward chemistry. We found that both prior knowledge and scientific reasoning ability were significantly
correlated with students’ performance on the American Chemical Society Division of Chemical Education Examinations Institute
First Term General Chemistry Examination. Given that scientific reasoning ability was significantly correlated with final exam
performance and that its impact is not broadly known in the chemistry teaching community, we then discuss the implications for
facilitating the development of reasoning ability in college preparatory high school chemistry courses and college preparatory
chemistry courses.
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■ INTRODUCTION

It is no secret to readers of this Journal that college general
chemistry is perceived by students as a relatively difficult
course.1 The perception is exacerbated by the fact that the
majority of students in general chemistry courses are neither
chemistry nor biochemistry majors.2 Evidence from actual
measurement of failure rates supports students’ perceptions: a
recent meta-analysis of 225 published and unpublished research
studies in undergraduate science, technology, engineering, and
mathematics (STEM) courses reported that the average failure
rate (defined as being issued a D or F grade or withdrawing
from the course) in STEM courses taught via traditional
lecturing was 33.4%.3 In general chemistry specifically, selected
institutional historical failure rates of over 50% have been
reported.4,5

Performance in general chemistry is not just a function of
what happens in the course itself; we must look beyond issues
related to course content and pedagogy. A correlate of
performance is the state of knowledge of a student at the
beginning of a course, both declarative (knowing that) and
procedural (knowing how). Students enter the general
chemistry course neither with their minds completely devoid
of knowledge of the content of general chemistry nor absent of
some of the procedural knowledge needed to succeed (see, e.g.,
refs 6−11). The importance of the declarative knowledge
portion of the continuum has been recognized by chemical
educators for about 100 years.12 Accordingly, the American
Chemical Society Division of Chemical Education Examina-
tions Institute (abbreviated as ACS-EI hereafter) currently
offers two undergraduate placement exams designed to assess
the readiness of students for the general chemistry course.13

The California Chemistry Diagnostic Test is a mixture of
questions of chemistry word problems, chemistry concepts, and
math word problems.14 The Toledo Examination is divided

into three parts: mathematics, general chemistry knowledge,
and specificprimarily descriptivechemistry knowledge.15,16

It is important to note, in particular, that both exams are
primarily declarative-knowledge-based.
Placement exams are used to place students into either the

general chemistry sequence or a preparatory chemistry course.
Students who prepared for college general chemistry via a high
school chemistry course would have to retain sufficient
declarative knowledge to be able to obtain the institutional
cut score on a placement exam. With both high school
chemistry for college-bound students and college preparatory
chemistry, most courses of either of these types focus on
preparing students for general chemistry by teaching what is
effectively a simplified general chemistry course. Development
of students’ scientific reasoning ability does not appear to be
the focus of instruction at any level as it is not typically included
in the standards or the assessments. For example, the Science
Content Standards for California Public Schools: Kindergarten
through Grade Twelve requires a high school chemistry course
to provide students with the opportunity to learn the following
topics:17

(1) atomic and molecular structure
(2) chemical bonds
(3) conservation of matter and stoichiometry
(4) gases and their properties
(5) acids and bases
(6) solutions
(7) chemical thermodynamics
(8) reaction rates
(9) chemical equilibrium
(10) organic chemistry and biochemistry
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(11) nuclear processes

Note that every topic in the California high school chemistry
curriculum is based on unobservable causal entities and thus
requires fully developed scientific reasoning skills for students
to be able to construct their declarative knowledge.
Collectively, the methods that the chemical education

community currently uses to establish widely followed
standards for high school chemistry courses and assess
readiness for college general chemistry are based on declarative
knowledge. However, the high average failure rate for STEM
courses indicates that something may be amiss with these
methods. This study therefore is designed to serve as an early,
basic exploration into what may be missing in preparing
students for success in college general chemistry.

Investigating Factors in Addition to Declarative
Knowledge

Research has indicated that factors other than initial declarative
knowledge may be predictive of performance in general
chemistry. Intelligence is perhaps the most well-known
cognitive characteristic that has research evidence to indicate
that it is predictive of success in the classroom. A task force
convened by the American Psychological Association defined
intelligence by stating, “Individuals differ from one another in
their ability to understand complex ideas, to adapt effectively to
the environment, to learn from experience, to engage in various
forms of reasoning, to overcome obstacles by taking thought.
Although these individual differences can be substantial, they
are never entirely consistent: A given person’s intellectual
performance will vary on different occasions, in different
domains, as judged by different criteria. Concepts of
“intelligence” are attempts to clarify and organize this complex
set of phenomena.”18

Knowledge of topics that commonly are associated with
alternate conceptions is another potential predictor of success
in general chemistry. An alternate conception is a mental
construct held by an individual about the natural world that is
different from the construct generally agreed upon by the
scientific community.6,19−21 A diverse set of alternate
conceptions are held by students entering a general chemistry
course, and they are resistant to being modified by conventional
instruction.19 Students hold alternate conceptions about topics
typically taught in first-semester general chemistry such as
understanding what a balanced chemical equation represents,
the mole concept, and thinking about atoms and molecules in
general.21

Scientific reasoning ability also has been demonstrated to
predict success in general chemistry. Scientific reasoning ability
is “a general disposition to consider alternative possibilities and
the acquisition of accompanying hypothesis testing schemes
that allow one to process evidence to choose among the
alternatives (e.g., control of variables, correlational reasoning,
probabilistic reasoning).”22 Lewis and Lewis23 found that
scientific reasoning can be used to predict students at risk in
general chemistry: students with poor scientific reasoning
ability are likely to have low ACS-EI examination scores.
Scientific reasoning ability also has been shown to be related to
the ability to solve conceptual chemistry problems success-
fully.24−26

Proportional reasoning is one type of reasoning within the
set of skills that collectively comprise scientific reasoning ability.
Proportional reasoning can be modeled as being composed of
(1) analogical reasoning, including the ability to solve verbal

analogies and numerical analogies, (2) routine proportionality,
which is the ability to solve proportional tasks, and (3) meta-
analogical awareness, which consists of the ability to recognize
proportional and nonproportional statements and the ability to
work with nonproportional tasks.27 Given that the standard
first-semester general chemistry curriculum has multiple topics
based on proportional reasoning, for example, unit conversions,
gas laws, stoichiometric relationships, and solution concen-
tration, it is reasonable to hypothesize that proportional
reasoning ability may influence student content knowledge
upon completion of the course.
Attitude is another potential predictor of success in general

chemistry. Chan and Bauer28 found that attitude and self-
concept were collectively predictive of exam performance in
first-semester general chemistry. They proposed that chemistry
achievement is predicated upon cognitive characteristics,
affective experiences such as self-concept and attitude, and
other motivational and cognitive processes. Self-concept itself
has been shown to positively correlate to performance on the
First-Term General Chemistry ACS Exam.29

Theory Base and Research Questions

There is more to preparing students to succeed in general
chemistry than simply facilitating the development of
declarative knowledge. Development of students’ procedural
knowledge matters as well. The late Swiss psychologist Jean
Piaget (1896−1980) originally discovered two critical concepts
related to the development of procedural knowledge. First, the
ability to utilize and apply scientific reasoning patterns
reflectively begins to emerge with the onset of adoles-
cence.30−32 Second, students develop their scientific reasoning
abilities only when in an environment that facilitates their
development.33−35 The background discussed to this point and
the theory base led to the research question:

Are prior alternate conception knowledge, prior procedural
knowledge (intelligence, scientific reasoning ability, and
proportional reasoning ability), and entering attitude
predictive of students’ success on the First-Term General
Chemistry ACS Exam as students complete a semester of
instruction?

■ METHODS

Ethics Statement

Permission for human participants use was obtained by the
Institutional Review Board of the authors’ university, and
consent was obtained from all participants. None of the
participants elected to opt out.

Course and Participants

The participants were enrolled in a first-semester general
chemistry course at a 10,000-undergraduate-student-enrollment
state university with a 96% admission acceptance rate and a 4-
year graduation rate of 24%. The course was designed to
provide students the opportunity to learn the standard U.S.
first-semester content, as inferred through observation of the
contents of the ACS-EI First-Term General Chemistry exams
and the contents of the best-selling general chemistry textbooks
over the past two decades. It was taught via a combination of
pedagogies including adaptations of guided inquiry (see, e.g.,
refs 36 and 37), peer-led team learning (see, e.g., refs 38 and
39), and the flipped classroom (see, e.g., refs 40 and 41). The
course was not modified in any way because of the research
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project other than structuring time in the laboratory portion of
the course for administration of the instruments.

Experimental Design

A correlational research design was employed.42 Five pretests,
described in the following, were administered in the first 2
weeks of the 16-week semester course during the regularly
scheduled laboratory meeting. Ten total extra points (as
compared with 1000 possible earned course points) were
possible based on pretest participation. In the first week,
knowledge of topics associated with alternate conceptions (2
points), scientific reasoning ability (2 points), and attitude
toward chemistry (1 point) were measured. These character-
istics were judged to have the most potential to change based
on instruction. In the second week, intelligence (2 points) and
proportional reasoning ability (2 points) were measured, and
demographic data (1 point) was collected. The time allotted for
administration of each instrument was based on experience
with administering the instruments in the previous academic
year, and it was sufficient for what we observed as allowing
every student to finish completely and without time pressure. A
graduate student in chemistry education research and article
coauthor (B.D.B.) supervised the administration of all pretests.
To encourage the participants’ best effort, they were informed
that the full time allotted for each instrument would be fully
expired before beginning the next instrument or the scheduled
laboratory exercise. The post-test, also described in the
following, was administered during the scheduled final
examination period in the 16th week of the semester.

Instruments

Knowledge of Topics Associated with Alternate
Conceptions: Chemistry Concepts Inventory (CCI). The
Chemistry Concepts Inventory (CCI) is a 16-item multiple-
choice instrument designed to measure the extent of alternate
conceptions about topics typically covered in a first-semester
general chemistry course.43 It consists of 22 multiple-choice
questions, with 10 stand-alone questions and six paired-
question sets. We scored the instrument requiring both of
the questions in a paired-question set to be correct for credit.
Participants were given 20 min to complete the instrument.
Barbera44 conducted a psychometric analysis of the instrument
and concluded that it is suitable for large-scale assessment of
student understanding. The instrument is both reliable
(Cronbach’s α ranged between 0.704 and 0.76 in various
trials) and reproducible (test-retest correlation = 0.79). The
validity of the instrument was initially established by a panel of
experienced chemical education researchers, and it has been
used in many published, peer-reviewed research studies (see,
e.g., refs 45 and 46).
Intelligence: Raven Standard Progressive Matrices−

Plus Version (SPM+). Intelligence was measured with the
Raven Standard Progressive Matrices−Plus Version (SPM+);
the Plus Version was developed to restore discriminative ability
at the upper limit because a ceiling effect began to appear with
the original version.47 The instrument consists of five sets of 12
matrices of increasing difficulty, for a maximum score of 60.
Participants were given 60 min to complete the instrument.
The validity of the instrument has been established over years
of use; it is widely accepted as one of the best large-group
measures of nonverbal intelligence. Many forms of reliability
data have been collected; its internal consistency reliability was
measured as 0.88, its test-retest reliability is 0.97, and its
criterion-related validity has been established through numer-

ous studies that indicate a relationship between the SPM score
and job performance.48

Scientific Reasoning Ability: Classroom Test of
Scientific Reasoning (CTSR). The Classroom Test of
Scientific Reasoning, Multiple Choice Version (CTSR), is a
12-item multiple-choice instrument designed to measure
scientific reasoning ability.49 It consists of 24 paired-questions
sets, where a student must answer both items in a pair correctly
for credit. Participants were allowed 35 min to complete the
instrument. Validity was originally established by a panel of
experts in Piagetian research, and the instrument has been used
in many published, peer-reviewed research studies (see, e.g.,
refs 33 and 50). A subsequent study by Lawson51 found the
instrument to be reliable (Cronbach’s α = 0.70).

Proportional Reasoning Ability: Paper and Pencil
Balance Beam Task (PPBBT). The Paper and Pencil Balance
Beam Task (PPBBT) is a 36-item instrument designed to
measure proportional reasoning ability.52 Participants were
allowed up to 30 min to complete the instrument. Concurrent
validity was established by comparison of scores on the paper-
and-pencil version and clinical interviews; the paper-and-pencil
task was based on Inhelder and Piaget’s30 “equilibrium in the
balance” task. The scores were nearly identical. Construct
validity evidence was established by comparing performance of
sixth- and ninth-graders, finding that the ninth-graders were
more likely to use more sophisticated strategies. A separate
study of construct validity also showed that age was significantly
correlated with number of correct responses in a group of 8−15
year-olds. Test-retest reliability was correlated at 0.85 over a
two-week interval, and very similar results were obtained with
alternate forms of the instrument.52 It is also notable that the
PPBBT was initially piloted with a 21-participant sample of
adult university students, and 48% of the adult sample
incorrectly considered only one variable (weight or distance
from the fulcrum) in their responses as compared to 46% of the
8−15-year-old participants.52

Attitude toward Chemistry: Attitude toward the
Subject of Chemistry Inventory (Version 2) (ASCI V2).
Attitude toward chemistry was measured with the Attitude
toward the Subject of Chemistry Inventory (Version 2) (ASCI
V2) instrument that was originally developed by Bauer53 and
subsequently modified by Xu and Lewis54 to improve its
construct validity and decrease the time needed for
administration. It consists of eight pairs of adjectives that are
divided into two subscales, intellectual accessibility and
emotional satisfaction. Participants were given 3 min to
complete the instrument. Xu and Lewis54 provided data
illustrating the construct validity of the instrument via
confirmatory factor analysis, which supported a two-factor
model with a comparative fixed index value of 0.95. Cronbach’s
α was measured as 0.82 for the intellectual accessibility subscale
and 0.79 for the emotional satisfaction subscale.

Post Content Knowledge: ACS-EI First Term General
Chemistry Examination, Form 2009 (ACS). The ACS-EI
First Term General Chemistry Examination is a 70-item
instrument designed to measure general chemistry content
knowledge upon completion of one semester of the sequence.55

Participants were allowed 120 min to complete the instrument,
which was used as the final examination for the course. It
constituted 30−50% of a student’s grade, contingent upon
performance on the midterm exams. Construct, face, and
content validity are based on the fact that the exam was
developed by a 15-person panel of general chemistry experts
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and then field tested and refined by the panel. Norms are based
on the scores of 3827 students in 34 colleges. The Kuder-
Richardson KR-21 coefficient of reliability is 0.88. The norm
mean score is 37 (SD = 11), and the norm median score is
36.56

■ RESULTS AND DISCUSSION
Of the 157 participants who took the final exam, there were
complete data sets for 135, and only the complete sets were
used in the analysis. Table 1 summarizes the abbreviations used

for the six instruments. The descriptive results are summarized
in Table 2. Distribution plots and tables for each instrument are
available in the Supporting Information. All distributions were
reasonably normal.
Table 3 illustrates rough measures of internal reliability for

this particular experiment. It compares the statistics from four
of the five instruments administered as a pilot pretest in the
previous academic year with the statistics obtained for the
academic year in which the study was conducted. (The PPBBT
is not included in this comparison because it was piloted as a
post-test only in the previous academic year.) The institution at
which the pilot and experiment were conducted made no
change to admissions policy from one year to the next.
Inspection of the data shows that there is high sample-to-
sample reliability, producing similar results under constant
conditions.
The Pearson product-moment correlation coefficient matrix

for all instruments is provided in Table 4. We selected a
significance level of p < 0.05 because there were no compelling
reasons to deviate from the generally accepted standard.57 Note
that at the pairwise correlation-only level of analysis, four of the
five pretest instruments plus the effect of the course have a
statistically significant positive correlation with the post-test.
Analysis of variance statistics are given in Table 5 for the

predictors (constant), CCI, CTSR, SPM+, ASCI V2, and

PPBBT, plus the effect of the course, on the dependent variable
ACS. A statistically significant effect is indicated. The multiple
regression results are summarized in Table 6. Since two or
more variables may be measuring the same construct (based on
the correlation coefficients in Table 4), we now see that we may
conclude that the CCI and the CTSR, plus the effect of the
course, are significantly correlated with the ACS with effect
sizes of 0.251 and 0.296, respectively. By using Cohen’s58

guidelines for expressing effect sizes as small, medium, or large,
the correlations of prior content understanding (r = 0.45) and
scientific reasoning ability (r = 0.47) are classified as medium
(between r = 0.30 and 0.50). The results show that both
alternate conceptions about topics typically covered in first-
semester general chemistry and scientific reasoning ability, as
measured at the beginning of the course, influence general
chemistry content knowledge after a semester of instruction.
Figure 1 graphically illustrates the data for the pretest−post-test
pairs that are correlated at a statistically significant level. Three
of the pretests plus the effect of the course did not have

Table 1. Abbreviations Used in Tables

Abbreviation Instrument Characteristic Measured

CCI Chemistry Concepts
Inventory

Alternate conceptions about topics
typically covered in first-
semester general chemistry

CTSR Classroom Test of
Scientific Reasoning

Scientific reasoning ability

SPM+ Raven Standard
Progressive Matrices−
Plus Version

Intelligence

ASCI V2 Attitude toward the
Subject of Chemistry
Inventory (Version 2)

Attitude toward chemistry

PPBBT The Paper and Pencil
Balance Beam Task

Proportional reasoning ability

ACS ACS-EI First Term
General Chemistry
Examination

General chemistry content
knowledge

Table 2. Summary Statistics for Each Measurement Instrument

Instrument (Range) CCI (0−16) CTSR (0−12) SPM+ (0−60) ASCI V2 (0−16) PPBBT (0−36) ACS (0−70)

Mean 7.1 7.7 43.9 7.9 26.8 47.7
SD 2.8 2.0 5.0 1.4 3.7 12.1
Median 7 8 44 8 27 50
High 15 11 57 13 36 68
Low 2 3 31 5 16 10

Table 3. Internal Reliability Statistics

Instrument CCI CTSR SPM+ ASCI V2

Pilot or Expt Pilot Expt Pilot Expt Pilot Expt Pilot Expt

Mean 7.0 7.1 7.7 7.7 44.8 43.9 8.0 7.9
SD 3.0 2.8 2.1 2.0 4.8 5.0 1.5 1.4
Median 7 7 8 8 45 44 8 8

Table 4. Pearson Product-Moment Correlation Coefficient
Matrix for All Instruments

CCI CTSR SPM+ ASCI V2 PPBBT ACS

CCI 1.000 0.441a 0.257a 0.355a 0.169 0.448a

CTSR 1.000 0.404a 0.064 0.207b 0.478a

SPM+ 1.000 0.114 0.199b 0.310a

ASCI V2 1.000 0.062 0.141
PPBBT 1.000 0.243a

ACS 1.000
aCorrelation is significant at the p = 0.01 level (two-tailed).
bCorrelation is significant at the p = 0.05 level (two-tailed).

Table 5. Analysis of Variance Statistics

Univariate Analysis of Variance Between-Subjects Effects

F p R2 Adjusted R2 Partial Eta2

CCI 3.052 0.001 0.247 0.166 0.247
CTSR 5.102 < 0.001 0.245 0.197 0.245
SPM+ 1.303 0.177 0.230 0.053 0.230
ASCI V2 1.224 0.294 0.063 0.012 0.063
PPBBT 1.826 0.030 0.0221 0.100 0.221

Multiple Linear Regression

F p R2 Adjusted R2

12.221 < 0.001 0.321 0.295
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significant correlations with the post-test: intelligence, attitude
toward chemistry, and proportional reasoning ability.
Addressing the research question:
Are prior alternate conception knowledge, prior procedural
knowledge (intelligence, scientific reasoning ability, and
proportional reasoning ability), and entering attitude
predictive of students’ success on the First-Term General
Chemistry ACS Exam as students complete a semester of
instruction?
Only prior alternate conception knowledge and scientific

reasoning ability, as combined with the effect of the semester of

instruction, were correlated with post content knowledge at a
statistically significant level. They are correlated to students’
success on the First-Term General Chemistry ACS Exam as
students complete a semester of instruction.
Study Limitations

A correlational research design is not experimentalwe cannot
say that good prior content understanding and well-developed
scientific reasoning ability cause high ACS exam scores; instead,
these results say that there is a medium-strength relationship
between two of the pretests and the effect of instruction with
the post-test. It could be that the characteristics measured by
the pretests caused the post-test result, what led to the post-test
result caused the pretests’ characteristics, the pretests’
characteristics and the post-test result influenced one another,
or some characteristic not measured in this study influenced
performance on both the pretests and post-test. Additional
research is needed to continue to explore this topic.
The study is also limited by generalizability concerns, that is,

external validity. The course had a very unique curriculum
design, and this design likely uniquely influenced the post-test
results. Also, although the validity of four of the five pretest
instruments is sufficiently established with a college-aged
sample, the PPBBT was primarily validated with participants
15 years of age and younger, so it may or may not be a good
measure of proportional reasoning ability as it is applied in first-
semester general chemistry (however, note that the histogram
in the Supporting Information shows a fairly normal
distribution with our college-aged sample, and a small sample
of university students in the original validation studies made the
same errors as middle and high school students).

■ SUMMARY AND IMPLICATIONS FOR RESEARCH
AND CHEMISTRY LEARNING

Even after a full semester of instruction in college general
chemistry, students’ prior alternate conception knowledge and
their scientific reasoning ability at the onset of the course
remain positively correlated at a medium effect size level to
their performance on the ACS-EI First Term General
Chemistry Examination administered at the end of the 16-
week semester. The Chemistry Concepts Inventory and
Classroom Test of Scientific Reasoning or other parallel
instruments measuring the same constructs may be revelatory
of the kind of knowledge that predicts outcomes in college
general chemistry. Further research on the intersection of these
cognitive constructs and instruction may be worth a good deal
of additional study.
With respect to alternate conceptions, this study adds to the

already substantial literature20 that indicates that these
misconceptions, naiv̈e conceptions, preconceptions, private or
personal models, or prescientific conceptions, as they are also
known, are resistant to extinction by instruction. We believe
that our sample is typical of students prepared for college

Table 6. Multiple Regression Results for All Pretests with the ACS Post-test

Pretest Coefficients
Standard
Error t Statistic p-level

Null hypothesis (5%)
rejected?

Cohen’s f 2 Effect
Size 95% Confidence Interval (Lower−Upper)

CCI 1.134 0.381 2.979 0.003 Yes 0.251 0.424−1.918
CTSR 1.787 0.523 3.418 < 0.001 Yes 0.296 0.738−2.813
SPM+ 0.235 0.194 1.209 0.229 No 0.107 −0.148−0.622
ASCI V2 0.229 0.664 0.345 0.731 No 0.020 −1.209−1.333
PPBBT 0.390 0.249 1.563 0.120 No 0.063 −0.105−0.882
Intercept 3.347 10.225 0.327 0.744 No −15.571−24.463

Figure 1. (a) Correlation between ACS score and CCI score. (b)
Correlation between ACS score and CTSR score.
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general chemistry by U.S. high school courses because, in part,
our mean pretest score of 44.4% on the Chemical Concepts
Inventory is similar to Mulford and Robinson’s original
45.5%.43 Given that alternate conceptions are common
among students entering college general chemistry, it would
be ideal to prevent them from forming in the first place.
Perhaps the best way to prevent the formation of alternate
conceptions is to elicit a class set of student conceptionsin
agreement with the modern scientific consensus or notand
treat all of them as potential hypotheses to be tested against
data. This mirrors the process of science itself. Additionally, it
allows the introduction of cognitive conflict and resolution
through social construction, both structural elements of a
learning cycle curriculum, which is discussed in more detail in
the following.
With respect to scientific reasoning ability, the results of this

study are corroborated by the results of the study published in
2007 by Lewis and Lewis.23 They found that a pretest of
scientific reasoning ability predicted which students were at-risk
of not successfully completing the general chemistry sequence.
These combined results imply that development of students’
scientific reasoning abilities should be a curricular goal for
college preparatory chemistry courses. There have been
successes in curriculum design that have led to the improve-
ment of students’ scientific reasoning ability. Lawson et al.59

found that a learning cycle-based curriculum8,60 in a college
nonmajors biology course changed the scientific reasoning
ability of students in the course from 9% formal (defined as
>85% correct on a test of scientific reasoning) before the
semester to a remarkable 44% formal by the end of the term.
Carmel, Jessa, and Yezierski61 also found evidence of

improvement of scientific reasoning skills in some students
due to the design of a college chemistry curriculum in a course
for nonmajors. As with Lawson et al.,59 a learning-cycle-based
curriculum was employed. In their study, 16 participants had
potential to make gains in proportional reasoning ability, and
nine demonstrated gains.
We believe that the key feature of curricula such as those of

Lawson et al.59 and Carmel, Jessa, and Yezierski,61 which have
been shown to promote the development of scientific reasoning
skills, is a data-to-concepts curriculum sequence, often referred
to more broadly as a learning cycle.8,60 Not only is subject
matter knowledge constructed in the mind of the learner,9,10

but also procedural knowledge about scientific reasoning is
constructed by the individual. When instructors present
prepacked, predigested conceptual systems to students in
lecture and textbooks, they take away the opportunity for
students to construct knowledge. When the classroom and
laboratory learning environments do not require students to
think, their thinking skills cannot develop.
We must also be cognizant of the evidence that a preparatory

course with a focus on only basic vocabulary, concepts, and
problem-solving skills may detract from the national goal of
improving the STEM pipeline. In a six-year study of the effect
of a preparatory course on success in the first-semester general
chemistry course, Bentley and Gellene62 found that 44% of the
students who passed a preparatory course with a C or better did
not enroll in a general chemistry course in the subsequent
semester, effectively reducing the total number of students who
complete the first-semester general chemistry course and
narrowing the STEM pipeline rather than expanding it.
If the problem of underdeveloped scientific reasoning skills

continues to be not addressed, students will continue to be lost

from the STEM pipeline. High school chemistry and college
preparatory courses must be designed to promote the
development of scientific reasoning skills within the context
of the discipline. Both curriculum development and profes-
sional development efforts need to be undertaken so that
chemistry curriculum and teaching become focused on both
declarative knowledge and scientific reasoning skills con-
struction.
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