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ABSTRACT
Learning progressions (LPs) are descriptions of students’ growing sophistication in the un-
derstanding of a particular construct through a curricular sequence. They are particularly 
useful for organizing complex constructs for which students do not necessarily connect 
concepts as taught in different courses. However, they are challenging to construct, be-
cause they attempt to linearize students’ inherently nonlinear learning. As a result, it is es-
sential to have methods to assess students’ arrival at particular steps along the progression. 
One tool readily available to instructors is concept inventories (CIs). We have mapped pub-
lished CIs to LPs for acid–base chemistry. The alignment not only provides an assessment 
that professors can use to pinpoint student learning, but also creates another tool to verify 
hypothetical LPs.   We have compared the types of questions asked on CIs in chemistry, 
biology, and biochemistry, as well as in some standardized test banks. The mapping of 
questions from CIs to steps on the LPs allows refinement of the LPs and reveals gaps in 
assessment tools for sophisticated concepts. This alignment is a novel addition to the cycle 
of validation of an LP.

LEARNING PROGRESSIONS
Learning progressions (LPs) are a model for understanding student thinking (National 
Research Council [NRC], 2007, p. 8) as well as tools supporting curricular and instruc-
tional design (Alonzo, 2011; Black et al., 2011; Duschl et al., 2011; Furtak, 2012; Scott 
et al., 2019). These progressions represent a structured acquisition of general skills 
and knowledge (Perkins and Salomon, 1989; Salomon and Perkins, 1989) combined 
with the mastery of transformative concepts in the discipline (NRC, 2007, p. 8; Duncan 
and Hmelo‐Silver, 2009; Wilson, 2009; Ross et al., 2010; Cooper et al., 2012; Neumann 
et al., 2013). Until recently, LPs were encountered mainly at the K–12 level, but the 
number of LPs published for college levels is increasing (Claesgens et al., 2009; Cooper 
et al., 2012; Cooper and Klymkowsky, 2013; Sevian and Talanquer, 2014; Romine 
et al., 2016).

LPs for Biochemistry/Molecular Biology
Different approaches to developing LPs have been taken in different contexts. Because 
biochemistry is a science that draws on concepts from both chemistry and biology, LPs 
for biochemistry will require integration of practices and concepts, with an emphasis 
on “cross-cutting” concepts (Sevian and Talanquer, 2014; Ngai and Sevian, 2018). In 
the context of biochemistry, students who are struggling with fundamental concepts 
from chemistry will be ill-equipped to analyze more sophisticated processes such as 
protein folding and stability, metabolic flux, and ligand binding (Grayson et al., 2001; 
Sears et al., 2007; Robic, 2010; Ngai and Sevian, 2018). This assertion is backed by 
the findings of Ebenezer and Fraser (2001) who demonstrated the difficulty of trans-
ferring fundamental chemistry concepts to a different field; in their case, 
engineering.

Learning progressions are particularly useful for organizing complex constructs for 
which students do not necessarily connect concepts as taught in different courses. One 
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such complex construct is acid–base chemistry, which is broadly 
covered in general chemistry, organic chemistry, and biochem-
istry and has applications across the biological sciences. Deep 
understanding of acid–base chemistry is vital to understanding 
a multitude of biochemical processes, but students often have 
misunderstandings and difficulty with prerequisite material. 
Students’ reasoning about acids and bases has been explored by 
both quantitative and qualitative methods, at both the high 
school (Lin and Chiu, 2007) and university levels (McClary and 
Talanquer, 2011; Bretz and McClary, 2015; Cooper et al., 2016; 
Romine et al., 2016). These studies have provided insight into 
students’ explanations of the behavior of acids and bases; how 
they use the Arrhenius, Brønsted-Lowry, and Lewis models; 
how they understand acid strength; and how they predict reac-
tions involving these molecules. In some cases, the researchers 
have suggested new approaches to teaching so as to ameliorate 
difficulty and misunderstanding.

Concept Inventories for Assessment
Students’ arrival to each step of an LP—whether linearly or 
not—has been assessed by a variety of tools (NRC, 2007; 
Bernholt and Parchmann, 2011; Pappa and Tsaparlis, 2011). 
Assessment tools of growing interest include concept invento-
ries (CIs). CIs are a tool for formative assessment, generally 
multiple-choice assessment tests that can diagnose difficulty 
with particular concepts (misconceptions or alternative concep-
tions) before instruction and can evaluate changes in concep-
tual understanding after instruction or other interventions 
(Libarkin, 2008). Although originally used mainly at the intro-
ductory level, CIs have increasingly been developed for more 
advanced-level topics in the molecular life sciences (Smith 
et al., 2008; Shi et al., 2010; Bretz and Linenberger, 2012; 
Couch et al., 2015; McFarland et al., 2017). The shortcomings 
of CIs have been documented when used simply as multi-
ple-choice pre- and posttests (Coppola and Krajcik, 2014), and 
the nature and order of the questions has been shown to acti-
vate different levels of learning (McClary and Talanquer, 2011; 
Warfa and Odowa, 2015; Undersander et al., 2017). However, 
they are more likely to probe deep understanding than other 
types of assessment applied to large groups (Xu et al., 2017) 
and can be adapted to be more open-ended and, hence, more 
informative (Dood et al., 2018). Additionally, as noted by 
Alonzo et al. (2012), use of large-scale assessments (in this 
case, CIs) can help to incorporate the framework of LPs into 
existing systems and lead to change in approach or pedagogy 
more readily than creation of entirely new assessments.

TRANSFER OF CONCEPTS FROM ONE CONTEXT TO 
ANOTHER
We are particularly interested in how students learn and apply 
concepts from chemistry to biochemical contexts. This requires 
transfer of knowledge from course to course (general chemistry 
to organic chemistry to biochemistry) and from subject area to 
subject area (biology to chemistry; Wilson et al., 2006; Villafañe 
et al., 2011b; Haudek et al., 2012; Wolfson et al., 2014; Warfa 
and Odowa, 2015; Ngai and Sevian, 2018). To understand the 
curricular structure of the biochemistry sequence as it pertains 
to acid–base chemistry, we began to develop a hypothetical 
learning progression (HLP). Such an HLP would span multiple 
courses and provide a framework to allow for better articula-

tion between courses and instructors. There have been only a 
few examples of LPs or proto–LPs that map students’ movement 
through multiple university-level courses and examine the 
handoff from one instructor to another (Marbach-Ad et al., 
2007; Cooper et al., 2012; Cooper and Klymkowsky, 2013; 
Crandell et al, 2019).

A Note on Terminology
As described earlier, LPs have been defined as “descriptions of 
the successively more sophisticated ways of thinking about a 
topic that can follow one another” during students’ learning 
about a topic over a stretch of time (NRC, 2007, p. 219). It is 
worth noting, further, that LPs are “empirically grounded and 
testable hypotheses” (Corcoran et al., 2009, p. 8). Therefore, 
until an LP has been tested and validated, it should be consid-
ered an HLP, and this is the label that we apply to our scheme, 
although it is based in the literature and was tested with a lim-
ited set of students. An example of a fully actualized LP might 
be that of Johnson and Tymms (2011), who validated the HLP 
with a large-scale study across institutions and demographic 
categories and tested the model itself. Here we reserve the term 
“LP” for the idea of a model and use the term “HLP” for our own 
construct.

PRELIMINARY CONSTRUCTION OF AN HLP FOR 
ACID–BASE CHEMISTRY
Acid–base chemistry was the defined construct of interest for 
our LP, as it encompasses a broad range of cross-cutting con-
cepts. This subject spans the chemistry curriculum—from gen-
eral chemistry, to organic chemistry, to biochemistry—and is 
central to many major concepts, including equilibrium, reactiv-
ity, molecular structure, and catalysis. All of these topics are 
central to cell biology, as well, as they are necessary for under-
standing and teaching about cellular homeostasis, blood chem-
istry, enzyme catalysis, macromolecular structure, and trans-
port mechanisms. Acid–base chemistry is also relevant to other 
biology topics such as acidification of lakes and other water-
ways. Because this concept is quite expansive, it is often taught 
in segments, and students may have difficulty connecting the 
underlying relationships from topic to topic or from course to 
course. This is particularly troublesome in upper-level courses 
such as biochemistry, because many contexts require the inte-
gration of these concepts for deep understanding. One reason 
for the inconsistency in student preparedness is that there has 
not been a systematic effort to define the level at which stu-
dents should have mastery of particular topics at the end of 
prerequisite chemistry courses.

As described elsewhere (Reed and Wolfson, 2021), we 
developed the outline of an HLP on acid–base chemistry from 
general chemistry through biochemistry. We approached the 
construction of the HLP by consulting empirical studies on stu-
dent understanding of acid–base chemistry, professional society 
guidelines, and common biochemistry texts; the latter two 
sources were included because many factors determine the path 
of student learning, including the instructional and curricular 
materials (Stevens et al., 2009). This consolidation of existing 
knowledge is the initial step in an iterative process of construct-
ing an LP. We also interviewed content experts and instructors.

The initial outline for the HLP in acid–base chemistry was 
developed by first defining the range of content to include 
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within the area defined by the lower and upper anchors. The 
lower anchor is what students know “after high school” and 
was in part based on the Next Generation Science Standards 
(NRC, 2013). The upper anchor is what students know “after 
biochemistry” and was in part based on the American Chemical 
Society guidelines for curricular supplements for biochemistry 
(ACS, n.d.) and the American Society for Biochemistry and 
Molecular Biology core concepts and associated learning goals 
(ASBMB, n.d.). The principles and theories within the concepts 
of the upper anchor were unpacked for necessary prior knowl-
edge. The expanded concepts were initially ordered by the 
course in which students were expected to encounter the con-
cepts. To verify and refine the initial order of concepts, literature 
on student understanding of acid–base chemistry was explored 
in depth from the literature on high school– and college-level 
mastery (Banerjee, 1991; Watters and Watters, 2006; Lin and 
Chiu, 2007; Orgill and Sutherland, 2008; Cartrette and Mayo, 
2011; McClary and Talanquer, 2011; Cooper et al., 2016; Pan 
and Henriques, 2015; Stoyanovich et al., 2015; Romine et al., 
2016; Tümay, 2016;); further guidelines from professional soci-
eties (ACS, n.d.; ASBMB, n.d.; NRC, 2013); and common bio-
chemistry course texts (Voet and Voet, 2004; Berg et al., 2007; 
Nelson et al., 2013). Evidence supporting the inclusion of high-
er-level content was in part retrieved from biochemistry text-
books by searching the table of contents, index, and glossary for 
key phrases (e.g., acid, base, pH, pKa) and consolidating knowl-
edge expected of students as it pertains to acid–base chemistry. 
Steps on the HLP were categorized as occurring after high 
school, general chemistry, organic chemistry, and biochemistry.

For an example of the progression within a specific topic 
(Reed and Wolfson, 2021), compare the steps that students 
might attain in their understanding of pH and pKa at the end of 
each course in the chemistry curriculum:

•	 As students enter their first college (general) chemistry 
course (after high school chemistry), they may be familiar 
with pH scale and associate it with acids and bases.

•	 After general chemistry, they may know the pH scale and 
recognize that it is a log scale and that each unit represents 
a factor of 10, and they will know the definition of pKa and 
what a larger or smaller pKa means for acid strength.

•	 By the end of an organic chemistry course, students should 
be able to predict general trends of pKas by structures and 
estimate pKas of groups, as well as predicting the direction of 
an equilibrium given the pKas of the acids involved.

•	 When students have completed biochemistry, they should be 
able to apply concepts of pH and pKa to a variety of situa-
tions, including predicting ionization states from pKa/pH 
relationships; predicting enzyme reaction mechanisms that 
depend on proton transfer; and knowing that microenviron-
ments are relevant to protein structure and function.

Of course, not all students will reach the steps described 
here at the time they complete a given course, but the HLP 
describes the progression leading to mastery.

INTRODUCTION OF CIS CONSTRUCTION OF LPS
In developing the HLP, we followed the scheme practiced by 
other researchers in the field (Anderson, 2008; Stevens et al., 
2009; Shea and Duncan, 2013) by going through several cycles 
of interviews, testing, and analysis of results. However, as 

described here, we have also added a novel step, matching 
questions from published concepts inventories to the content in 
the LP.

Student surveys and interviews are essential to refine the 
HLP. In many cases, the starting points for student assessment 
were questions taken from CIs. These were expanded and clari-
fied as a result of interviews, but the CIs themselves gave us 
some insight into conceptions and misconceptions encountered 
by instructors and researchers. For example, a set of three true/
false/don’t know questions about acid–base equilibria from the 
Molecular Life Sciences Concept Inventory (Howitt et al., 2008) 
eventually expanded to a series of interview questions that cov-
ered definitions of conjugate acids and bases, buffer calculations, 
concepts of equilibrium, and ideas about biological steady state.

Existing CIs were mined for questions related to acid–base 
chemistry. These inventories included those for general chemis-
try (Mulford and Robinson, 2002), biology (Shi et al., 2010; 
Couch et al., 2015), and biochemistry/molecular biology (How-
itt et al., 2008; Wright and Hamilton, 2008; Villafañe et al., 
2011a), as well as test banks from the Journal of Chemical Edu-
cation (Journal of Chemical Education, n.d.), including Digital 
Library websites and inventories (Digital Library, n.d.), and 
papers with questions specific to acid–base chemistry (Cala-
tayud et al., 2007; McClary and Talanquer, 2011; Haudek et al., 
2012; McClary and Bretz, 2012; Cooper et al., 2016; Voska and 
Heikkinen, 2000). (Other test banks, such as the ACS subject 
tests, ETS major field exam, and ASBMB certification exam 
were excluded, because these assessments require payment and 
registration and/or accreditation and, therefore, would not be 
available to most classroom instructors.) Questions were then 
mapped to the corresponding content on the HLP. Questions on 
the inventories that pertained to acid–base chemistry but were 
not initially represented were used to expand the HLP. Place-
ment of the concept was suggested by surrounding questions on 
the inventory.

HOW DO CONCEPT INVENTORIES INFORM LPS?
Elements of the HLP and an outline of the full progression have 
been published elsewhere (Wolfson, 2019; Reed and Wolfson, 
2021). Here, we present one section of the HLP (“after organic 
chemistry” and “after biochemistry” levels) as an example of 
the alignments between HLP and CIs, and how this analysis can 
identify gaps in both tools. We propose that such alignment 
brings an additional element of validation to the development 
process, particularly regarding upper-level concepts, and can 
make LPs more accessible to classroom instructors.

Table 1 illustrates selected content (column 1) of the HLP 
for the two levels “after organic chemistry” and “after bio-
chemistry.” For each topic in the HLP, the literature relevant to 
its inclusion is cited (footnotes) and a question from a CI or 
comparable instrument where these questions could be identi-
fied is included (column 2). For example, the content “Can 
predict ionization states from pKa/pH relationships” is included 
due to its discussion in multiple sources, including: ACS guide-
line curricular supplements for biochemistry (ACS, n.d.), Villa-
fañe et al. (2011b), and all textbooks consulted, and can be 
assessed with a question from Villafañe et al. (2011a). Ques-
tions are summarized rather than being quoted in full because 
of length and so as to avoid separating a CI question from its 
full context.
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Table 1 demonstrates the utility of adding the step of align-
ments to CIs in validating an HLP. The content of the HLP often 
corresponds to questions on an existing assessment tool. What 
we found, however, was that new content for the progression 
emerged (indicated by an asterisk in column 1) from this anal-
ysis, because questions were found for acid–base chemistry con-
cepts that had not initially been included on the progression: 
prediction of products based on understanding acid–base char-
acteristics and description of open and closed systems. (This is 
not meant to imply that there is no literature on these topics, 
merely that we had not included them as steps on the progres-
sion until prompted by CI questions.) We also saw that multiple 
concepts in biochemistry could not be matched with questions 
(indicated by blank space in column 2), including prediction of 
function as result of structure due to pH (enzyme reaction 
mechanism) and understanding of microenvironment as related 
to pH and pKa. These gaps indicate the need for more sophisti-
cated CIs or other tools to assess student understanding of acid–
base chemistry in complex biological contexts as encountered 
in undergraduate biochemistry.

LPS AND CONCEPT INVENTORIES: TWO INCOMPLETE 
FRAMEWORKS THAT CAN STRENGTHEN ONE 
ANOTHER
Learning progressions and CIs are very different tools that serve 
very different purposes. LPs are theoretical frameworks most 
often used by education researchers to develop an understand-

ing of students’ acquisition of thinking skills and specific con-
tent. CIs are a means of formative assessment that allow faculty 
a glimpse into students’ grasp of core ideas at a particular point 
in their education. The idea of using CIs or other pre- and 
posttest instruments as a tool for instruction is certainly not 
new (e.g., see, Marbach-Ad et al., 2010; Villafañe et al., 2011a; 
Momsen et al., 2013; Xu et al., 2017). However, one of the goals 
of our research is to make LPs more accessible and useful to 
college classroom instructors (Reed and Wolfson, 2021). This is 
a challenging problem that has also been addressed by others 
(Scott et al., 2019). Connecting the progression to ideas that 
can be assessed by CIs may be one way to bring LPs to 
practitioners.

CIs are themselves based on review of the literature and 
have been tested with large groups of students (D’Avanzo, 
2008; Libarkin, 2008). These inventories capture students’ rea-
soning across a wide range of topics, including some related to 
acid–base chemistry. By mining these inventories for questions 
about acid–base chemistry, we have been able to refine the HLP. 
Questions on the inventories that were not represented in the 
HLP led us to consider where the concept belonged. On the 
other hand, it was clear from our examination of existing CIs 
that there are gaps in available inventories and other assess-
ment tools. For instance, there were very few questions, even in 
the CIs targeting biochemistry/molecular biology knowledge, 
that addressed acid–base concepts in biological contexts such 
as protein structure or microenvironments. This observation 

TABLE 1.  Selected content of an HLP for acid/base chemistry

After organic 
chemistry HLP statements Example question from a CI

Identify conjugate pairs, protonate and deprotonate with 
arrow pushing mechanism of Brønsted-Lowry H+ 
movement and Lewis model electrophiles and 
nucleophilesa

Given the reaction of H2O with HCl as Lewis structures: 
classify the reaction, describe what is happening on a 
molecular level, and explain why, including use of 
arrows.b

Identify strongest/weakest acid–base from structure 
through periodic trends, electronegativity, inductive 
effect, resonancec

Predict the relative acid strengths and trends for a given 
large set of organic compounds.d

*Can predict products based on understanding of acid–base 
properties

Given a set of products, predict the acid and base that must 
have reacted.e

After biochemistry Predict ionization states from pKa/pH relationshipsf Given the pKa for a particular carboxylic acid group, what 
statement best describes its charge at a given pH.g

Predict effects of ionization on structureh Given structure of a set of amino acids involved in maintain-
ing the structure of an enzyme, indicate whether pairs 
can hydrogen bond.i

*Can describe difference between open and closed systems Indicate the effect of hyperventilation on the ability of the 
bicarbonate buffer system to maintain blood pH.j

Predict function as result of structure due to pH (enzyme 
reaction mechanism)k

Describe microenvironments as related to pH and pKak

*Indicates that new content emerged for HLP.
aOrganic guidelines and examples from ACS, n.d.; Cartrette and Mayo, 2011; Stoyanovich et al., 2015; Cooper et al., 2016.
bCooper et al., 2016.
cOrganic guidelines and examples from ACS, n.d.; Cartrette and Mayo, 2011; Stoyanovich et al., 2015; Cooper et al., 2016; Tümay, 2016.
dMcClary and Talanquer, 2011.
eJensen (2013).
fBiochemistry conceptual topics from ACS, n.d.; Voet and Voet, 2004; Berg et al., 2007; Villafañe et al., 2011b; Nelson et al., 2013.
gVillafañe et al., 2011a.
hASBMB, foundational concepts: ASBMB, n.d.; Voet and Voet, 2004; Berg et al., 2007; Nelson et al., 2013.
iWright and Hamilton, 2008.
jChem Ed concept tests (Digital Library, n.d.).
kVoet and Voet, 2004; Berg et al., 2007; Nelson et al., 2013.
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speaks to the limitation of CIs for assessing more complex con-
cepts encountered in upper-level undergraduate course work. 
This gap may be due in part to the difficulty of assessing sophis-
ticated understanding using a multiple-choice test. It may also 
be because there has been little research until recently on stu-
dent learning in biochemistry. The situation is shifting with rec-
ognition that assessment of conceptual understanding is crucial 
for all upper-level courses (Bhattacharyya, 2006; Bodner and 
Weaver, 2008; McClary and Talanquer, 2011), including bio-
chemistry (Cousin, 2006; Haudek et al., 2012).

Figure 1 shows the feedback envisioned between the input 
of content to steps on an HLP and the verification of these steps. 
CIs can serve both as evaluation/validation tools and as input in 
the HLP. And, clearly, the same inputs inform development of CI 
questions.

Both LPs and CIs are incomplete frameworks for student 
learning. One of the major criticisms of LPs is that they assume 
a student’s path through a discipline is linear. This is not always 
the case, as has been demonstrated, for example, by careful 
mapping of students’ conceptions about molecular interactions 
(Johnson, 2013; Sevian and Stains, 2013) and the structure of 
matter (Talanquer, 2009). In fact, exposure to the language of 
the discipline and quantitative interpretations may impede stu-
dent progress through a progression (Sevian and Stains, 2013; 
Wolfson et al., 2014). Similarly, CIs reveal less information 
about student reasoning than do interviews or other extended 

FIGURE 1. Feedback and reciprocity between HLPs and CIs. HLPs are generated from 
numerous inputs, including published literature and consultation with experts. Once the 
steps are defined in a preliminary way, student understanding at every level can be 
evaluated with instruments, including CIs. The CIs themselves provide input to research-
ers, as described in this Essay. Because the literature defines content for CIs, these tools 
are part of a loop that can strengthen findings about student learning.

explanations (Cooper, 2015). Despite evi-
dence-based construction of questions and 
distractors (Garvin-Doxas et al., 2007), CIs 
can elicit correct answers even when stu-
dents’ reasoning is faulty (Haudek et al., 
2012). However, the use of CIs for pre- 
and posttesting is a valuable tool for fac-
ulty in planning curricula and assessing 
student progress toward mastery of a con-
cept (Xu et al., 2017). Embedding CIs into 
LPs may make LPs more accessible to prac-
titioners, who often do not see their pur-
pose for classroom instruction (Reed and 
Wolfson, 2021).

LIMITATIONS AND CONCLUSIONS
As part of the initial cycle in development 
of an HLP on acids and bases, we have 
used CIs to begin evaluating the progres-
sion. However, as we have noted several 
times throughout this Essay, LPs and CIs 
are very different tools: they have different 
audiences, different goals, and different 
levels of granularity. Each is meant to 
taken as a whole and has been constructed 
and refined as such, not broken apart into 
individual pieces or questions, as we have 
done here. It is unlikely that an entire CI 
would correspond to a step on an LP, and, 
in fact, it would be cumbersome to use a 
full CI to assess students’ arrival at a single 
step. What we have done is to use individ-
ual CI questions as starting points for 
assessment of students’ travel along a pro-

gression. When separated, these items lose the validity of stu-
dent responses to the full CI. But we find this exercise in align-
ment to be useful, because it gives both researchers and 
instructors additional tools for probing students’ learning.

Our choice of acid–base chemistry as the focus of our HLP 
provided both advantages and limitations. There is a rich liter-
ature on student understanding of acid–base chemistry and its 
applications. Including all contributions to this literature is 
challenging. On the other hand, the availability of multiple CIs 
and other tools for assessment of student learning allowed 
many opportunities to map HLP steps onto CI questions. HLPs 
for other topics may not have such a wealth of available inven-
tories and questions.

The alignment of CI questions with steps on an HLP allows 
drawing conclusions about the order of the LP and also identi-
fies gaps in measuring student understanding about acids and 
bases in the various inventories. This method adds a new tool 
to development of LPs, and the use of CIs to assess students’ 
arrival at different points along an LP may encourage classroom 
instructors to make more use of the LP literature.

ACKNOWLEDGMENTS
Jennifer E. Lewis, (University of South Florida), Sonny A. M. 
Mercer (King High School, Hillsborough County), and Susan 
Sutheimer (Green Mountain College) made significant contri-
butions to the early stages of the research. This work was 



20:es4, 6  CBE—Life Sciences Education • 20:es4, Summer 2021

C. R. Reed and A. J. Wolfson

supported by a grant from National Science Foundation–
Improving Undergraduate STEM Education to A.J.W. and J.E.L. 
and by Wellesley College. The authors thank Sarah Barbrow for 
her assistance with this project.

REFERENCES
Alonzo, A. C. (2011). Learning progressions that support formative assess-

ment practices. Measurement: Interdisciplinary Research and Perspec-
tives, 9(2–3), 124–129. https://doi.org/10.1080/15366367.2011.599629

Alonzo, A. C., Neidorf, T., & Anderson, C. W. (2012). Using learning progres-
sions to inform large-scale assessment. In Alonzo, A., & Gotwals, A. M. 
(Eds.), Learning progressions in science: Current challenges and future 
directions (pp. 211–240). Rotterdam, the Netherlands: Sense Publishers.

American Chemical Society. (n.d.). Approval program for bachelor’s degrees. 
Retrieved February 1, 2018, from www.acs.org/content/acs/en/about/
governance/committees/training/acsapproved.html

American Society for Biochemistry and Molecular Biology. (n.d.). Founda-
tional concepts and skills. Retrieved February 1, 2018, from http://www.
asbmb.org/education/teachingstrategies/foundationalconcepts

Anderson, C. W. (2008). Conceptual and empirical validation of learning pro-
gressions. Meeting on Advancing Research on Adaptive Instruction and 
Formative Assessment in Febbruary 21–22, 2008. Philadelphia, PA.

Banerjee, A. C. (1991). Misconceptions of students and teachers in chemical 
equilibrium. International Journal of Science Education, 13(4), 487.

Berg, J. M., Jeremy, M., Tymoczko, J. L., & Stryer, L. (2007). Biochemistry (6th 
ed.). New York: Freeman.

Bernholt, S., & Parchmann, I. (2011). Assessing the complexity of students’ 
knowledge in chemistry. Chemistry Education Research and Practice, 
12(2), 167–173.

Bhattacharyya, G. (2006). Practitioner development in organic chemistry: 
How graduate students conceptualize organic acids. Chemistry Educa-
tion Research and Practice, 7(4), 240–247.  https://doi.org/10.1039/
B5RP90024G

Black, P., Wilson, M., & Yao, S.-Y. (2011). Road maps for learning: A guide to 
the navigation of learning progressions. Measurement: Interdisciplinary 
Research and Perspectives, 9(2–3), 71–123. https://doi.org/10.1080/153
66367.2011.591654

Bodner, G. M., & Weaver, G. (2008). Introduction: Research and practice in 
chemical education in advanced courses. Chemistry Education Research 
and Practice, 9(2), 81–83. https://doi.org/10.1039/b806596a

Bretz, S. L., & Linenberger, K. J. (2012). Development of the enzyme-sub-
strate interactions concept inventory. Biochemistry and Molecular Biol-
ogy Education, 40(4), 229–233. https://doi.org/10.1002/bmb.20622

Bretz, S. L., & McClary, L. (2015). Students’ understandings of acid strength: 
How meaningful is reliability when measuring alternative conceptions? 
Journal of Chemical Education, 92(2), 212–219. https://doi.org/10.1021/
ed5005195

Calatayud, M.-L., Bárcenas, S. L., & Furió-Más, C. (2007). Surveying students’ 
conceptual and procedural knowledge of acid–base behavior of sub-
stances. Journal of Chemical Education, 84(10), 1717.  https://doi.
org/10.1021/ed084p1717

Cartrette, D. P., & Mayo, P. M. (2011). Students’ understanding of acids/bases 
in organic chemistry contexts. Chemistry Education Research and Prac-
tice , 12(1), 29–39. https://doi.org/10.1039/C1RP90005F

Claesgens, J., Scalise, K., Wilson, M., & Stacy, A. (2009). Mapping student 
understanding in chemistry: The perspectives of chemists. Science Edu-
cation, 93(1), 56–85.

Cooper, M., & Klymkowsky, M. (2013). Chemistry, life, the universe, and ev-
erything: A new approach to general chemistry, and a model for curric-
ulum reform. Journal of Chemical Education, 90(9), 1116–1122.

Cooper, M. M. (2015). Why ask why? Journal of Chemical Education, 92(8), 
1273–1279. https://doi.org/10.1021/acs.jchemed.5b00203

Cooper, M. M., Kouyoumdjian, H., & Underwood, S. M. (2016). Investigating 
students’ reasoning about acid–base reactions. Journal of Chemical Edu-
cation, 93(10), 1703–1712. https://doi.org/10.1021/acs.jchemed.6b00417

Cooper, M. M., Underwood, S. M., Hilley, C. Z., & Klymkowsky, M. W. (2012). 
Development and assessment of a molecular structure and properties 
learning progression. Journal of Chemical Education, 89(11), 1351–1357.

Coppola, B. P., & Krajcik, J. S. (2014). Discipline-centered post-secondary 
science education research: Distinctive targets, challenges and opportu-
nities. Journal of Research in Science Teaching, 51(6), 679–693. https://
doi.org/10.1002/tea.21165

Couch, B. A., Wood, W. B., & Knight, J. K. (2015). The Molecular Biology Cap-
stone Assessment: a concept assessment for upper-division molecular 
biology students. CBE—Life Sciences Education, 14(1), ar10. https://doi.
org/10.1187/cbe.14-04-0071

Corcoran, T., Mosher, F. A., & Rogat, A. (2009). Learning Progressions in 
Science: An Evidence-based Approach to Reform. New York, NY: 
Consortium for Policy Research in Education.

Cousin, G. (2006). Threshold concepts, troublesome knowledge and emo-
tional capital: An exploration into learning about others. In Meyer, J. H. F., 
& Land, R. (Eds.), Overcoming barriers to student understanding: Thresh-
old concepts and troublesome knowledge (pp. 134–137). New York, NY: 
Routledge.

Crandell, O. M., Kouyoumdjian, H., Underwood, S. M., & Cooper, M. M. (2019). 
Reasoning about reactions in organic chemistry: Starting it in general 
chemistry. Journal of Chemical Education, 96(2), 213–226.

D’Avanzo, C. (2008). Biology concept inventories: Overview, status, and next 
steps. BioScience, 58(11), 1079–1085. https://doi.org/10.1641/B581111

Digital Library. (n.d.). Journal of Chemical Education. Retrieved February 1, 2018, 
from http://moodle.chemeddl.org/mod/resource/view.php?id=2682

Dood, A. J., Fields, K. B., & Raker, J. R. (2018). Using lexical analysis to predict 
Lewis acid–base model use in responses to an acid–base proton-trans-
fer reaction. Journal of Chemical Education, 95(8), 1267–1275.

Duncan, R. G., & Hmelo-Silver, C. E. (2009). Learning progressions: Aligning 
curriculum, instruction, and assessment. Journal of Research in Science 
Teaching, 46(6), 606–609.

Duschl, R., Maeng, S., & Sezen, A. (2011). Learning progressions and teaching 
sequences: A review and analysis. Studies in Science Education, 47(2), 
123–182. https://doi.org/10.1080/03057267.2011.604476

Ebenezer, J. V., & Fraser, D. M. (2001). First year chemical engineering stu-
dents’ conceptions of energy in solution processes: Phenomenographic 
categories for common knowledge construction. Science Education, 
85(5), 509–535.

Furtak, E. M. (2012). Linking a learning progression for natural selection to 
teachers’ enactment of formative assessment. Journal of Research in 
Science Teaching, 49(9), 1181–1210. https://doi.org/10.1002/tea.21054

Garvin-Doxas, K., Klymkowsky, M., & Elrod, S. (2007). Building, using, and max-
imizing the impact of concept inventories in the biological sciences: Report 
on a National Science Foundation–sponsored conference on the con-
struction of concept inventories in the biological sciences. CBE—Life Sci-
ences Education, 6(4), 277–282. https://doi.org/10.1187/cbe.07-05-0031

Grayson, D. J., Anderson, T. R., & Crossley, L. G. (2001). A four-level frame-
work for identifying and classifying student conceptual and reasoning 
difficulties. International Journal of Science Education, 23(6), 611–622.

Haudek, K. C., Prevost, L. B., Moscarella, R. A., Merrill, J., & Urban-Lurain, M. 
(2012). What are they thinking? Automated analysis of student writing 
about acid–base chemistry in introductory biology. CBE—Life Sciences 
Education, 11(3), 283–293. https://doi.org/10.1187/cbe.11-08-0084

Howitt, S., Anderson, T., Costa, M., Hamilton, S., & Wright, T. (2008). A Con-
cept Inventory for Molecular Life Sciences: How will it help your teaching 
practice? Australian Biochemist, 39, 14–17.

Jensen, J. (2013) Students’ understandings of acid-base reactions investigat-
ed through their classification schemes and the acid-base reactions 
concept inventory (Electronic thesis). Retrieved March 2, 2021, from 
https://etd.ohiolink.edu/apexprod/rws_olink/r/1501/10?clear=10&p10 
_accession_num=miami1365611297

Johnson, P. (2013). How students’ understanding of particle theory develops: 
A learning progression. In Tsaparlis, G., & Sevian, G. H. (Eds.), Concepts of 
matter in science education. Innovations in science education and 
technology (Vol. 19, pp. 47–67). Dordrecht: Springer.

Johnson, P., & Tymms, P. (2011). The emergence of a learning progression in 
middle school chemistry. Journal of Research in Science Teaching, 48, 
849–877.

Journal of Chemical Education. (n.d.). Conceptual questions. Retrieved Feb-
ruary 1, 2018, from www.chemedx.org/JCEDLib/QBank/collection/
CQandChP/CQs/CQIntro.html

http://www.asbmb.org/education/teachingstrategies/foundationalconcepts
http://www.asbmb.org/education/teachingstrategies/foundationalconcepts
https://doi.org/10.1021/acs.jchemed.6b00417
http://moodle.chemeddl.org/mod/resource/view.php?id=2682
https://etd.ohiolink.edu/apexprod/rws_olink/r/1501/10?clear=10&p10_accession_num=miami1365611297
https://etd.ohiolink.edu/apexprod/rws_olink/r/1501/10?clear=10&p10_accession_num=miami1365611297


CBE—Life Sciences Education • 20:es4, Summer 2021 20:ar4, 7

Inventories and Progressions

Libarkin, J. C. (2008, October 13). Concept inventories in higher education 
science. Retrieved March 3, 2021, from http://sites.nationalacademies.
org/cs/groups/dbassesite/documents/webpage/dbasse_072624.pdf

Lin, J., & Chiu, M. (2007). Exploring the characteristics and diverse sources of stu-
dents’ mental models of acids and bases. International Journal of Science 
Education, 29(6), 771–803. https://doi.org/10.1080/09500690600855559

Marbach-Ad, G., Briken, V., Frauwirth, K., Gao, L.-Y., Hutcheson, S. W., Joseph, 
S. W., ... & Smith, A. C. (2007). A faculty team works to create content 
linkages among various courses to increase meaningful learning of 
targeted concepts of microbiology. CBE—Life Sciences Education, 6(2), 
155–162. https://doi.org/10.1187/cbe.06-12-0212

Marbach-Ad, G., McAdams, K. C., Benson, S., Briken, V., Cathcart, L., Chase, M., 
... & Smith, A. C. (2010). A model for using a concept inventory as a tool for 
students’ assessment and faculty professional development. CBE—Life Sci-
ences Education, 9(4), 408–416. https://doi.org/10.1187/cbe.10-05-0069

McClary, L., & Talanquer, V. (2011). College chemistry students’ mental mod-
els of acids and acid strength. Journal of Research in Science Teaching, 
48(4), 396–413. https://doi.org/10.1002/tea.20407

McClary, L. M., & Bretz, S. L. (2012). Development and assessment of a diag-
nostic tool to identify organic chemistry students’ alternative concep-
tions related to acid strength. International Journal of Science Education, 
34, 2317–2341.

McFarland, J. L., Price, R. M., Wenderoth, M. P., Martinková, P., Cliff, W., 
Michael, J., ... & Wright, A. (2017). Development and validation of the 
Homeostasis Concept Inventory. CBE—Life Sciences Education, 16(2), 
ar35. https://doi.org/10.1187/cbe.16-10-0305

Momsen, J., Offerdahl, E., Kryjevskaia, M., Montplaisir, L., Anderson, E., & 
Grosz, N. (2013). Using assessments to investigate and compare the na-
ture of learning in undergraduate science courses. CBE—Life Sciences 
Education, 12(2), 239–249. https://doi.org/10.1187/cbe.12-08-0130

Mulford, D. R., & Robinson, W. R. (2002). An inventory for alternate concep-
tions among first-semester general chemistry students. Journal of 
Chemical Education, 79(6), 739. https://doi.org/10.1021/ed079p739

National Research Council. (2007) Taking science to school: Learning and 
teaching science in grades K-8. National Academies Press. https://doi.
org/10.17226/11625

National Research Council. (2013) Next generation science standards: For 
states, by states. National Academies Press. https://doi.org/10.17226/18290

Nelson, D. L., Cox, M. M., & Lehninger, A. L. (2013). Lehninger principles of bio-
chemistry (6th ed.). New York: Freeman.

Neumann, K., Viering, T., Boone, W. J., & Fischer, H. E. (2013). Towards a 
learning progression of energy. Journal of Research in Science Teaching, 
50(2), 162–188.

Ngai, C., & Sevian, H. (2018). Probing the relevance of chemical identity 
thinking in biochemical contexts. CBE—Life Sciences Education, 17(4), 
ar58. https://doi.org/10.1187/cbe.17-12-0271

Orgill, M., & Sutherland, A. (2008). Undergraduate chemistry students’ per-
ceptions of and misconceptions about buffers and buffer problems. 
Chemistry Education Research and Practice, 9(2), 131–143.  https://doi 
.org/10.1039/b806229n

Pan, H., & Henriques, L. (2015). Students’ alternate conceptions on acids and 
bases. School Science and Mathematics, 115(5), 237–243.  https://doi 
.org/10.1111/ssm.12124

Pappa, E. T., & Tsaparlis, G. (2011). Evaluation of questions in general chemistry 
textbooks according to the form of the questions and the question-an-
swer relationship (QAR): The case of intra-and intermolecular chemical 
bonding. Chemistry Education Research and Practice, 12(2), 262–270.

Perkins, D. N., & Salomon, G. (1989). Are cognitive skills context-bound? Educa-
tional Researcher, 18(1), 16–25. https://doi.org/10.3102/0013189X018001016

Reed, C. R., & Wolfson, A. J. (2021). Are learning progressions a useful peda-
gogical tool for instructors? Journal of College Science Teaching, (in press).

Robic, S. (2010). Mathematics, thermodynamics, and modeling to address 
ten common misconceptions about protein structure, folding, and sta-
bility. CBE—Life Sciences Education, 9(3), 189–195.

Romine, W. L., Todd, A. N., & Clark, T. B. (2016). How do undergraduate stu-
dents conceptualize acid–base chemistry? Measurement of a concept 
progression. Science Education, 100(6), 1150–1183.

Ross, P. M., Taylor, C., Hughes, C., Whitaker, N., Lutze-Mann, L., & Tzioumis, V. 
(2010). Threshold concepts: Challenging the way we think, teach and learn 

in biology and science. Proceedings of The Australian Conference on Sci-
ence and Mathematics Education (Formerly UniServe Science Conference 
held in September 29– October 10, 2010 at Sydney, Australia), Vol. 16.

Salomon, G., & Perkins, D. N. (1989). Rocky roads to transfer: Rethinking mech-
anisms of a neglected phenomenon. Educational Psychologist, 24(2), 113.

Scott, E. E., Wenderoth, M. P., & Doherty, J. H. (2019). Learning progressions: 
An empirically grounded, learner-centered framework to guide biology 
instruction. CBE—Life Sciences Education, 18(4), es5.  https://doi.org/ 
10.1187/cbe.19-03-0059

Sears, D. W., Thompson, S. E., & Saxon, S. R. (2007). Reversible ligand 
binding reactions: Why do biochemistry students have trouble con-
necting the dots? Biochemistry and Molecular Biology Education, 
35(2), 105–118.

Sevian, H., & Stains, M. (2013). Implicit assumptions and progress variables in 
a learning progression about structure and motion of matter. In Tsaparlis, 
G., & Sevian, G. H. (Eds.), Concepts of Matter in Science Education. 
Innovations in Science Education and Technology (Vol. 19, pp. 68–94). 
Dordrecht: Springer.

Sevian, H., & Talanquer, V. (2014). Rethinking chemistry: A learning progres-
sion on chemical thinking. Chemistry Education Research and Practice, 
15(1), 10–23.

Shea, N. A., & Duncan, R. G. (2013). From theory to data: The process of re-
fining learning progressions. Journal of the Learning Sciences, 22(1), 7–
32. https://doi.org/10.1080/10508406.2012.691924

Shi, J., Wood, W. B., Martin, J. M., Guild, N. A., Vicens, Q., & Knight, J. K. 
(2010). A diagnostic assessment for introductory molecular and cell biol-
ogy. CBE—Life Sciences Education, 9(4), 453–461.  https://doi 
.org/10.1187/cbe.10-04-0055

Smith, M. K., Wood, W. B., & Knight, J. K. (2008). The Genetics Concept As-
sessment: A new concept inventory for gauging student understanding 
of genetics. CBE—Life Sciences Education, 7(4), 422–430.  https://doi 
.org/10.1187/cbe.08-08-0045

Stevens, S. Y., Shin, N., & Krajcik, J. S. (2009). Towards a model for the develop-
ment of an empirically tested learning progression. Learning Progressions 
in Science (LeaPS) Conference held in June 24–26, 2009, Iowa City, IA.

Stoyanovich, C., Gandhi, A., & Flynn, A. B. (2015). Acid–base learning outcomes 
for students in an introductory organic chemistry course. Journal of 
Chemical Education, 92(2), 220–229. https://doi.org/10.1021/ed5003338

Talanquer, V. (2009). On cognitive constraints and learning progressions: The 
case of “structure of matter.” International Journal of Science Education, 
31(15), 2123–2136. https://doi.org/10.1080/09500690802578025

Tümay, H. (2016). Emergence, learning difficulties, and misconceptions in 
chemistry undergraduate students’ conceptualizations of acid strength. Sci-
ence & Education, 25(1), 21–46. https://doi.org/10.1007/s11191-015-9799-x

Undersander, M. A., Lund, T. J., Langdon, L. S., & Stains, M. (2017). Probing the 
question order effect while developing a chemistry concept inventory. 
Chemistry Education Research and Practice, 18(1), 45–54.

Villafañe, S. M., Bailey, C. P., Loertscher, J., Minderhout, V., & Lewis, J. E. 
(2011a). Development and analysis of an instrument to assess student 
understanding of foundational concepts before biochemistry course-
work. Biochemistry and Molecular Biology Education, 39(2), 102–
109. https://doi.org/10.1002/bmb.20464

Villafañe, S. M., Loertscher, J., Minderhout, V., & Lewis, J. E. (2011b). Uncov-
ering students’ incorrect ideas about foundational concepts for bio-
chemistry. Chemistry Education Research and Practice, 12(2), 210–
218. https://doi.org/10.1039/C1RP90026A

Voet, D., & Voet, J. G. (2004). Biochemistry (3rd ed.). Hoboken, NJ: Wiley.

Voska, K. W., & Heikkinen, H. W. (2000). Identification and analysis of student 
conceptions used to solve chemical equilibrium problems. Journal of 
Research in Science Teaching, 37(2), 160–176. https://doi.org/10.1002/
(SICI)1098-2736(200002)37:2<160::AID-TEA5>3.0.CO;2-M

Warfa, A.-R. M., & Odowa, N. (2015). Creative exercises (CEs) in the biochem-
istry domain: An analysis of students’ linking of chemical and biochemi-
cal concepts. Chemistry Education Research and Practice, 16(4), 747–
757. https://doi.org/10.1039/C5RP00110B

Watters, D. J., & Watters, J. J. (2006). Student understanding of pH: “I don’t 
know what the log actually is, I only know where the button is on my 
calculator.” Biochemistry and Molecular Biology Education, 34(4), 278–
284. https://doi.org/10.1002/bmb.2006.494034042628

http://sites.nationalacademies.org/cs/groups/dbassesite/documents/webpage/dbasse_072624.pdf
http://sites.nationalacademies.org/cs/groups/dbassesite/documents/webpage/dbasse_072624.pdf


20:es4, 8  CBE—Life Sciences Education • 20:es4, Summer 2021

C. R. Reed and A. J. Wolfson

Wilson, C. D., Anderson, C. W., Heidemann, M., Merrill, J. E., Merritt, B. W., 
Richmond, G., ... & Parker, J. M. (2006). Assessing students’ ability to trace 
matter in dynamic systems in cell biology. CBE—Life Sciences Education, 
5(4), 323–331. https://doi.org/10.1187/cbe.06-02-0142

Wilson, M. (2009). Measuring progressions: Assessment structures underly-
ing a learning progression. Journal of Research in Science Teaching, 
46(6), 716–730.

Wolfson, A. J. (2019). Teaching progressions and learning progressions. Bio-
chemistry and Molecular Biology Education, 47(5), 493–497. https://doi 
.org/10.1002/bmb.21286

Wolfson, A. J., Rowland, S. L., Lawrie, G. A., & Wright, A. H. (2014). Student 
conceptions about energy transformations: Progression from general 
chemistry to biochemistry. Chemistry Education Research and Practice, 
15(2), 168–183. https://doi.org/10.1039/c3rp00132f

Wright, T., & Hamilton, S. (2008). Assessing student understanding in the mole-
cular life sciences using a concept inventory. ATN Assessment, 8, 216–224.

Xu, X., Lewis, J. E., Loertscher, J., Minderhout, V., & Tienson, H. L. (2017). 
Small changes: Using assessment to direct instructional practices in 
large-enrollment biochemistry courses. CBE—Life Sciences Education, 
16(1), ar7. https://doi.org/10.1187/cbe.16-06-0191


