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AMELIA WENK GOTWALS & ALICIA C. ALONZO 

INTRODUCTION 

Leaping Into Learning Progressions in Science 

Learning progressions—descriptions of increasingly sophisticated ways of 
thinking about or understanding a topic (National Research Council [NRC], 
2007)—offer a promising framework for bringing coherence to multiple facets of 
the educational system. Learning progressions, which articulate cognitive models 
of the development of student understanding, have the potential to inform the 
design of standards, large-scale and classroom assessments, curricula, and 
teacher professional development. As such, the science education community has 
taken considerable interest in learning progressions. However, as with any new 
research agenda, there are challenges. If these challenges are not addressed, they 
may thwart the promise that learning progressions hold. 
 Many journal articles and conference presentations gloss over the challenges 
authors and presenters have encountered in their work. In contrast, this book 
emphasizes that such challenges in learning progression work need to be a central 
part of the conversation. The chapters in this book recognize that, in order for 
learning progressions to fulfill their promise, the community must undertake a 
critical examination of the challenges in defining, assessing, modeling, and using 
learning progressions. Therefore this book explores learning progression work 
through an examination of some of its most important challenges. 
 This chapter introduces the book. First, we discuss why learning progressions 
have generated so much interest in the science education community. Next, we 
describe the current challenges in learning progression work and our impressions 
of the field. We conclude by outlining the book’s structure and discussing our 
expectations of how the book may advance learning progression work. 

THE PROMISE OF LEARNING PROGRESSIONS 

Students in the United States (US) consistently perform worse on international 
standardized tests of science achievement than their peers in other countries. US 
students perform relatively well in fourth grade. However, by the eighth grade their 
level of performance drops considerably and remains low throughout compulsory 
schooling (Gonzales et al., 2004; Schmidt, McKnight, & Raizen, 1997). In addition, 
there is increasing concern that schools in the US do not adequately teach students the 
scientific knowledge and skills needed for success in the workforce (National Academy 
of Sciences, National Academy of Engineering & Institute of Medicine, 2007). 
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 One possible explanation of these disconcerting findings is that K-12 science 
education in the US is unfocused, with many topics presented in a disconnected 
and shallow fashion (Valverde & Schmidt, 1997). US science textbooks address 
many more topics than textbooks in other countries (Linn, Tsuchida, Lewis, & 
Songer, 2000) and do so in a superficial and unsystematic manner, such that 
content is not presented in a logical order and does not build from year to year 
(Roseman, Kesidou, Stern, & Caldwell, 1999). Thus US students lack the 
opportunity to develop the coherent understandings and skills needed to develop 
scientific literacy. 
 The idea of preparing students to be scientifically literate is not new. In its 1990 
report, Science for All American, the American Association for the Advancement 
of Science [AAAS] argued that students should acquire deep understandings of big 
ideas in science in order to understand socio-scientific issues such as global 
warming, population growth, nuclear energy, and public health. Although this 
argument was widely accepted by the science education community, two decades 
later we still do not have a clear understanding of how to achieve science literacy 
through science education. 
 Learning progressions have the potential to organize standards, assessments, 
and instruction in a way that promotes scientific literacy. Current standards and 
curricula prioritize the structure of the scientific disciplines, using a top-down 
approach that creates logical (from scientists’ perspective) sequences of ideas. 
Learning progressions, which use both top-down and bottom-up design 
approaches, can combine ideas about scientific domains with understandings of 
how students learn. Thus learning progressions provide a significantly different 
perspective from that of other currently available frameworks for organizing 
standards, assessments, and instruction. 
 Learning progressions prioritize big ideas that are generative and merit extended 
periods of study. As part of the top-down design approach to learning progressions, 
scientists and science educators select these big ideas from the core knowledge 
needed for understanding socio-scientific issues and achieving scientific literacy. 
However, this logical decomposition of big ideas may not necessarily reveal the 
paths students take as they learn scientific content. Therefore, the bottom-up design 
approach to learning progressions promotes the organization of content based on 
students’ thinking as they develop more sophisticated understandings. Students’ 
progression from naïve to more sophisticated understandings may not be linear or 
easily described. An investigation of the “messy middle” (Gotwals & Songer, 
2010, p. 277) of students’ learning may thus provide powerful information for 
formative assessments (e.g., Alonzo, 2011), curriculum development (e.g., Wiser, 
Smith, & Doubler, this volume), and standards (e.g., Foster & Wiser, this volume). 
 The top-down and bottom-up processes of developing learning progressions 
require varied expertise. Learning progressions draw on existing work that has not 
before been brought together in a coherent and systematic manner. In addition, 
learning progressions require collaborations to generate new knowledge needed to 
advance the field even further. In the past, scientists and science educators have 
articulated core ideas in science that are generative and allow students to integrate 
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knowledge that produces powerful explanations of socio-scientific phenomena 
(e.g., AAAS, 1990; NRC, 1996, 2007). However, while they have identified goals 
for scientifically literate citizens, they have not taken the bottom-up design 
approach described above; thus they have failed to identify and/or prioritize the 
ways students achieve these goals. 
 Cognitive and learning scientists have conducted research on how children learn 
in specific domains and have studied the ideas students bring to school. However, 
much of this research has been conducted outside the classroom, with limited 
success in transferring the knowledge acquired to learning environments. In 
addition, assessment experts have researched ways of ascertaining what students 
know, and psychometricians have developed sophisticated models of students’ 
responses to assessments. Yet, since there has been little communication between 
science educators and these measurement experts, new techniques have not been 
systematically applied to science education (NRC, 2001). Hence the research  
on learning progressions represents a systematic effort to synthesize the ideas from 
multiple strands of research into frameworks for scaffolding students in the deep 
understandings required for scientific literacy. 
 Learning progressions hold great promise for the science education community. 
They can harmonize and coalesce multiple aspects of the educational system by 
their focus on a common framework that is informed by core socio-scientific ideas 
and by knowledge of how students learn. Standards and large-scale assessments 
have identified which science topics to teach and curricula have outlined how to 
teach these topics. However, while students’ misconceptions have informed 
curricula and standards documents (e.g., AAAS, 1990, Davis & Krajcik, 2005), 
learning progressions go further in that they focus on how students learn these 
topics (Alonzo, 2011). In the study of learning progressions, students’ ideas 
become, for the first time, an essential component of a framework that guides these 
multiple aspects of science education. 

CONSIDERATION OF CHALLENGES IN LEARNING PROGRESSION WORK 

Despite the exciting potential that learning progressions offer, we realized that 
many researchers lacked a shared definition of learning progressions and a shared 
vision of their critical features. Therefore we organized an interactive poster 
session at the 2008 annual meeting of the American Educational Research 
Association (AERA) entitled Diverse Perspectives on the Development, 
Assessment, and Validation of Learning Progressions in Science. In this session, 
our goal was to highlight both the promise that learning progressions held and the 
lack of a shared definition of this concept. While there were similarities in the 
work on learning progressions presented at this session, there were also significant 
differences in how researchers conceptualized and used learning progressions. We 
observed that researchers who took diverse approaches to the development of 
learning progressions and associated curricula and assessments were using the 
same language to describe dissimilar studies of and experiences with learning 
progressions. In addition, these researchers were conducing learning progression 
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work using very different methods. We also realized there was little 
communication among learning progression researchers about their efforts and 
results. 
 The interactive poster session allowed us to make comparisons among multiple 
projects in terms of how learning progressions are conceptualized. However, 
AERA poster sessions are not conducive to the deep discussions needed to move 
the field forward. And, as is typical of most conference presentations, the posters 
presented at the AERA session tended to highlight the successes—rather than the 
challenges—of learning progression work. 
 Following the AERA symposium, we organized the Learning Progressions in 
Science (LeaPS) conference (funded by the National Science Foundation [NSF]) 
that was held June 24–26, 2009, in Iowa City, IA (http://www.education.msu.edu/ 
projects/leaps/). Eighty-two science educators, scientists, curriculum developers, 
assessment specialists, psychometricians, policy makers, and teachers attended the 
conference, where presentations were made and discussions were held about 
learning progression work with a specific focus on its challenges. 
 We structured the conference around four strands of learning progression work: 

1. Defining learning progressions (the construct of learning progressions and the 
conceptualization of student progress); 

2. Developing assessments to elicit student responses relative to a learning 
progression (the multiple ways to elicit evidence of students’ knowledge and 
practices); 

3. Modeling and interpreting student performance relative to a learning 
progression (the inferences made about students’ learning progression levels 
based on their responses to assessment tasks); and 

4. Using learning progressions (the many ways learning progressions may 
influence science education, including the design of standards, curricula, and 
teacher education). 

These strands of learning progression work usually overlap and therefore cannot be 
pursued independently. However, separation of the strands reduces the complexity 
of the issues involved and allows for a more organized conversation about the 
challenges of learning progression work. 
 The LeaPS conference provided a structured forum for discussing the challenges 
associated with these four strands of learning progression work in both plenary and 
strand-specific sessions. The plenary sessions offered participants the opportunity 
to learn about the ongoing work of addressing challenges in the four strands. Three 
plenary sessions highlighted work in the defining, assessing/ modeling, and using 
strands. Richard J. Shavelson gave a keynote address in a fourth plenary session. In 
addition, a graduate student poster session showcased the work being undertaken 
by early-career scholars across the four strands. Each LeaPS conference participant 
selected one strand and attended strand-specific work sessions. Strand leaders 
facilitated working sessions in each strand. In these sessions, participants shared 
their work, discussed strand-specific issues, and suggested ways of addressing 
strand challenges. The strand leaders shared key ideas from the strand-specific 
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work sessions at a final plenary session that allowed all participants to hear the 
ideas from the four strands. 
 It is important to note that the ideas generated at the LeaPS conference do not 
represent a consensus of all participants. While many ideas had wide agreement, our 
intent as conference organizers was not to push for consensus. We agree with the 
report from the Consortium for Policy Research in Education (CPRE; Corcoran, 
Mosher, and Rogat, 2009) that states that, at this stage, learning progressions are 
“… potentially important, but as yet unproven tools for improving teaching and 
learning… developing and utilizing this potential poses some challenges” (p. 5). 
However, in contrast to the meetings convened by CPRE, which resulted in this 
widely cited report, the main purpose of the LeaPS conference was not to achieve 
consensus. Rather, since learning progression work is still in its early stages, we 
thought it was important to explore a diversity of approaches. Forcing consensus too 
early may limit the successes that could come from learning progression research. 
Thus the main contributions of the conference, and, we hope, this book, are the 
descriptions of challenges researchers face in learning progression work and the 
approaches they develop to work with and around these challenges. 

THE CURRENT STATE OF LEARNING PROGRESSIONS 

Since the LeaPS conference, learning progressions have grown in popularity. 
Articles about learning progressions have appeared more frequently in journals. 
For example, the Journal of Research in Science Teaching devoted a special 
issue to learning progression research (Hmelo-Silver & Duncan, 2009). Besides 
funding much of the learning progression research, the National Science 
Foundation recently sponsored a “footprint” conference1 to assess learning 
progression work in science and learning trajectories in mathematics and to make 
recommendations for future work. In addition, learning progressions have begun 
to influence national policies. The NRC (2010) included “prototype” learning 
progressions in its draft framework for the development of science education 
standards. Although the final version of its Framework for K-12 Science 
Education (NRC, 2011) did not include these learning progressions, research on 
learning progressions informed much of the new design of the Framework, and 
this document calls for increased learning progression research that may inform 
the development of future standards. 
 Learning progression research has advanced considerably in the last five years. 
Many researchers, educators, and teachers now recognize the potential of learning 
progressions throughout the educational system. However, challenges remain that 
require resolution before learning progressions can be effectively incorporated into 
a comprehensive framework for science education. Shavelson and Kurpius 
(chapter 2) discourage pushing learning progressions in science education 
prematurely into “prime time”; they caution that additional learning progression 
research is still required. We view this book as a significant contribution towards 
addressing these challenges such that learning progressions can fulfill their 
promise for widespread impact on science education. 
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CREATION AND STRUCTURE OF THE BOOK 

Selecting and Reviewing the Exemplar Chapters 

This book evolved from presentations and discussions at the 2009 LeaPS 
conference. For formal presentation at the conference (including both plenary 
sessions and strand-specific sessions), we selected 23 proposals from the 38 
proposals submitted. Of the 23 conference presentations, we selected 12 
presentations for inclusion in this book. We asked two author groups to combine 
the ideas from their presentations into joint chapters. Therefore, conference 
presentations resulted in 10 of the 12 “exemplar” chapters that highlight research 
in the four strands of learning progression work. Thus, the overall acceptance rate 
from conference proposal to book chapter was 32%. We solicited two more 
exemplar chapters in order to describe the use of learning progressions in standards 
development and in large-scale assessment. Consistent with instructions for the 
conference proposals, we asked the authors to feature challenges from their work 
on learning progressions as an integral and focal part of their chapters. 
 After at least one exchange of editorial comment and feedback with each chapter 
author, we sent all exemplar chapters to three or four external reviewers. We 
provided these reviewers with a vision statement for the book that highlighted the 
theme of challenges in work on learning progressions. We asked the reviewers to 
evaluate how well the chapters identified challenges in learning progression work 
and how critically the chapters considered the work presented. In addition, we asked 
the reviewers to rate the clarity and coherence of the writing, to give the chapters an 
overall rating, and to make comments pertinent for revisions. We asked the authors 
to respond to the reviewers’ comments and to make revisions as needed. We 
reviewed the revised chapters before accepting them for inclusion in the book. 

Reviewing the Other Chapters 

In addition to the 12 exemplar chapters, the book contains this introductory chapter 
and two framing chapters. There is also a synthesis chapter for each strand and a 
conclusion chapter. Strand leaders2 wrote the synthesis chapters that were revised 
in a feedback process with the book’s editors. 

Format of the Book 

Section I: Framing section. After this introductory chapter (chapter 1), two 
framing chapters (chapters 2 and 3) set the tone for the book. Shavelson and 
Kurpius (chapter 2) recommend that a cautious view should be taken of the recent 
excitement generated by learning progressions in science education. They argue 
that researchers in science education should critically examine learning progression 
work to ensure that the resulting products (learning progressions and associated 
tools) live up to their promise. Krajcik (chapter 3) responds to this 
recommendation and describes learning progression research that can advance 
science education. 
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 Following the Framing Section, there are four sections based on the four strands of 
learning progression work (Defining, Assessing, Modeling, and Using) used at the 
LeaPS conference. Each section has four chapters: three exemplar chapters on strand-
specific challenges in learning progression work and one chapter that synthesizes 
ideas from the exemplar chapters and the discussions at the LeaPS conference. 
 Section II: Defining learning progressions. Chapters 4–7 describe the 
challenges associated with defining learning progressions. Defining learning 
progressions involves identifying a big idea or core concept and being explicit 
about what progresses as students develop more sophisticated knowledge and/or 
practice. There is significant variation in how different projects define learning 
progressions. Learning progressions have been developed for both content and 
scientific practices; thus what constitutes “progression” differs by project. The 
chapters in this section describe how students learn to provide scientific accounts 
of water and carbon in socio-ecological systems (Gunckel, Mohan, Covitt, & 
Anderson); how students learn to coordinate observations and explanations of 
celestial motion (Plummer); and how students learn to engage in scientific 
modeling practices (Schwarz, Reiser, Acher, Kenyon, & Fortus). Chapter 7 
synthesizes these challenges and highlights the often implicit decisions made in 
defining learning progressions. 
 Section III: Assessing learning progressions. Chapters 8–11 describe the 
challenges associated with developing assessments that elicit student responses 
relative to learning progressions. Learning progression assessments are created and 
used for different purposes—for example, to validate the learning progressions or 
to evaluate student learning using formative and summative classroom assessments 
as well as large-scale assessments. In all learning progression assessments, the goal 
is to develop tasks that may be used to validly and reliably place students at a 
given level of a learning progression. The chapters in this section describe 
challenges in the following contexts: gathering evidence about students over a 
wide age range and across cultures and languages (Jin & Anderson); designing 
assessment tasks based on a learning progression that contains both content and 
practices (Gotwals, Songer, & Bullard); and working within (or possibly changing) 
existing large-scale assessment systems whose purposes and existing structures are 
not necessarily aligned with the purposes and design of learning progression 
assessments (Alonzo, Neidorf, & Anderson). Chapter 11 synthesizes these 
challenges in learning progression assessments and examines other issues in the 
design of such assessments. 
 Section IV: Modeling learning progressions. Chapters 12–15 describe the 
challenges psychometricians face when modeling (and interpreting) student 
performance relative to a learning progression. Because learning progression 
researchers have a more complex view of student thinking than the “gets it”/ 
“doesn’t get it” perspective, new measurement approaches may be required to 
interpret student responses to assessment items with respect to the underlying 
learning progression. The learning progression chapters in this section explore 
measurement models based on Bayesian Networks (West et al.), Attribute 
Hierarchy Modeling (Briggs & Alonzo), and Item Response Theory (Wilson). 
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Chapter 15 synthesizes these modeling efforts and identifies common themes. This 
chapter also examines the role of grain size and misfit in modeling student 
responses with respect to learning progressions and explains the importance of 
including considerations of modeling in all aspects of learning progression work. 
 Section V: Using learning progressions. Chapters 16–19 describe challenges 
in the use of learning progressions for various purposes. Researchers have 
proposed that learning progressions can be used as tools in the development of 
standards and curricula and in teacher preparation and professional development. 
However, guidelines for translating learning progressions into tools for specific 
purposes and audiences are still being developed. The chapters in this section 
explore the requirements of and challenges inherent in this work: designing 
curricular resources to support student progress with respect to a learning 
progression (Wiser et al.); designing learning-progression-based tools useful for 
supporting development of ambitious teaching practices (Furtak, Thompson, 
Braaten, & Windschitl); and using learning progressions in the design of state 
standards (Foster & Wiser). Chapter 19 synthesizes these challenges in using 
learning progressions and describes themes and issues related to learning-
progression-based products. This chapter also argues for the development of 
learning-progression-based tools, discusses the role of misconceptions in learning 
progression levels, and addresses the decision of when learning progressions are 
ready to use. 
 Section VI: Concluding section. In Chapter 20, the book’s editors summarize 
the four strands of learning progression work. The chapter also identifies major 
cross-strand themes in order to make recommendations for how learning 
progression work might advance through more collaborative research, 
contributions to policy conversations, and interactions with other stakeholders. The 
editors emphasize that while the book focuses on the challenges of learning 
progression work, the science education community should not lose sight of the 
promises that learning progressions hold. It is only by addressing these challenges 
that learning progressions can have a significant impact on science education. 

GOAL OF THE BOOK 

As work on learning progressions is still in its early stages, it is doubtful that all 
the ways of defining, assessing, modeling, or using learning progressions have 
been identified. In fact, it is important to explore multiple options for addressing 
learning progression challenges. Therefore, our hope is that this book, with its 
focus on identifying and addressing such challenges, will stimulate further interest 
in learning progression research and model ways of addressing challenges in this 
complex work. 
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RICHARD J. SHAVELSON AND AMY KURPIUS 

REFLECTIONS ON LEARNING PROGRESSIONS 

[The Center on Continuous Instructional Improvement] views learning 
progressions as potentially important, but as yet unproven tools for 
improving teaching and learning, and recognizes that developing and 
utilizing this potential poses some challenges. 

Corcoran, Mosher, and Rogat (2009, p. 5) 

Learning progressions have captured the imagination and the rhetoric of school 
reformers and education researchers as one possible elixir for getting K-12 
education “on track” (Corcoran et al.’s metaphor, 2009, p. 8). Indeed, the train 
has left the station and is rapidly gathering speed in the education reform and 
research communities. As we are concerned about this enthusiasm—and the 
potential for internecine warfare in a competitive market for ideas— we share the 
Center on Continuous Instructional Improvement’s view of the state-of-learning-
progressions as quoted above. Even more, we fear that learning progressions will 
be adapted to fit various Procrustean beds made by researchers and reformers 
who seek to fix educational problems. We believe that learning progressions and 
associated research have the potential to improve teaching and learning; 
however, we need to be cautious—learning progressions are especially 
vulnerable to data fitting in the manner depicted in the Non Sequitur cartoon 
(Figure 1). As with any innovation, there are both promises and pitfalls 
associated with a learning progression reform agenda. Moreover, we fear that the 
enthusiasm gathering around learning progressions may lead to preferential 
treatment of one solution when experience shows single solutions to education 
reform come and go, often without leaving a trace. The best of intentions can go 
awry. 
 With this preamble, it is understandable that the LeaPS conference1 
organizers—Alicia Alonzo and Amelia Gotwals—would invite this chapter’s first 
author to keynote the conference as a friendly curmudgeon who would raise issues 
and concerns about the ability of learning progressions to keep the train “on track.” 
As veterans of formative assessment, learning progressions, and cognitive research 
on learning and memory, we have learned firsthand how tricky it is to attempt to 
model cognition and the multitude of differences among individuals. For example, 
in his doctoral dissertation, Jeffrey Steedle (2008; see also Steedle and Shavelson, 
2009) revealed how fragmented students’ knowledge structures are in explanations 
of force and motion. Knowledge comes in pieces that seem to be cobbled together 
in a particular context that calls for a particular explanation; this cobbled-together 
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before it can be wielded masterfully by a majority of teachers to positive 
ends. This is not to discourage the formative assessment practice and research 
agenda. We do provide evidence that when used as intended, formative 
assessment might very well be a productive instructional tool. Rather, the 
special issue is intended to be a sobering call to the task ahead. (Shavelson, 
2008, p. 294) 

 We have also discovered how learning progressions can derail the train by 
reinforcing naïve conceptions and by prematurely imposing constraints on 
instruction and cognition that ultimately may not be advantageous. For example, 
with respect to naïve conceptions, the SEAL research on sinking and floating 
followed a middle school science inquiry unit (Pottenger & Young, 1992) that 
was sequenced in a manner consistent with scientists’ evolving explanations of 
sinking and floating: from mass to volume to volume and mass to density to 
relative density. One major, unintended consequence of the curricular learning 
progression approach was that the unit reinforced the mass explanation of sinking 
and floating, complicating subsequent conceptual development and conceptual 
change. 
 With respect to the premature imposition of constraints on instruction, SEAL 
research (discussed below) tested competing models of cognitive progression—a 
learning progression and a knowledge-as-pieces conception of growth (Steedle & 
Shavelson, 2009). We found that constraining students’ ideas to the learning 
progression led to clumping incommensurate beliefs about force and motion into a 
single level. Using the learning progression in teaching, then, might work for some 
students identified at a given level but not other students with a similar level 
diagnosis. The evidence, rather, supported the knowledge-as-pieces conception in 
which students cobble together sets of beliefs into a “model” that they use to explain 
a phenomenon in a particular situation; the cobbling might lead to a different model 
of the same phenomenon when surface features of the situation change. 
 In the remainder of the chapter we first present a simplified view of how the 
field of learning progression conceptualization and research is evolving along two 
strands: (a) curriculum and instruction and (b) cognition and instruction. Given the 
possibility of fragmentation, this view may say more about the perceivers than the 
perceived; we leave that judgment to the reader. We then discuss each strand, 
drawing lessons learned and proposing approaches for further research. Finally, we 
try to put the pieces together in a summary. 
 Before proceeding, it seems appropriate to attend to definitional matters. Along 
with a number of others who also attended the LeaPS conference, we had the good 
fortune to serve on the Planning Committee for the Science Framework for the 
2009 National Assessment of Educational Progress (NAEP). We described a 
learning progression as “a sequence of successively more complex ways of 
reasoning about a set of ideas” and stated that learners move from novice to expert 
after extensive experience and practice. We added that “learning progressions are 
not developmentally inevitable but depend on instruction interacting with students’ 
prior knowledge and construction of new knowledge.” Moreover, we recognized 
that there was no one “correct order” of progression. We also noted that learning 
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evolves in a “succession with changes taking place simultaneously in multiple 
interconnected ways.” Finally we warned that learning progressions are “partly 
hypothetical and inferential since long-term longitudinal accounts of learning by 
individual students do not exist” (National Assessment Governing Board [NAGB], 
2008, p. 90). We believe that this description constituted a reasonably accurate 
characterization of learning progressions and what was known in 2006 when the 
framework was being written. 
 Corcoran et al. (2009), reporting for a committee of researchers engaged in work 
on learning progressions, provided a more recent yet consistent definition of 
learning progressions based on a National Research Council (2007) report: 
“empirically grounded and testable hypotheses about how students’ understanding 
of, and ability to use, core scientific concepts and explanations and related 
scientific practices grow and become more sophisticated over time, with 
appropriate instruction” (p. 8). Corcoran et al. (2009) also noted that the 
hypotheses describe pathways students are likely to follow as learning progresses, 
with the number and nature of such pathways empirically testable and influenced 
by instruction. These learning progressions are based on “research… as opposed to 
selecting sequences of topics and learning experiences based only on logical 
analysis” (p. 8). 
 There seems to be considerable overlap in the two definitions. Both characterize 
learning progressions as the sequence or growth of successively more complex 
ways of reasoning about a set of ideas. They both recognize the centrality of 
instruction in the evolution of the progressions. They both recognize that such 
growth is not simple but may take complex forms as learners move from novice to 
expert. And both definitions recognize the hypothetical character of learning 
progressions and the need for a strong research base on which to justify policy 
recommendations for widespread use of such progressions. 
 It is the hypothetical and under-researched nature of learning progressions that 
frightens us. It is premature to move learning progressions into prime time, as 
seems to be happening; significant empirical research is required to establish 
these progressions. When we think of each set of core ideas that might be the 
focus of learning progression research and subsequently incorporated into 
teaching and learning, the amount of research required is staggering. Moreover, 
by the time this research is completed, the policy and reform circus will have 
long ago taken down its tents and headed for another apparently greener pasture. 
Just what are we embarking on and recommending? Might it be premature? Or 
might we recognize the hypothetical nature of learning progressions, call for 
more research, but push ahead with the empirically-based revision of 
progressions in the meantime? That is a question we pose to our community as 
we move forward. 

TWO ROADS TO LEARNING PROGRESSIONS 

Robert Frost’s (1916) well-known poem “The Road Not Taken” describes the 
choice a traveler faces when meeting a fork in a wood: 
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Two roads diverged in a yellow wood, 
And sorry I could not travel both 
And be one traveler, long I stood 

And looked down one as far as I could 
To where it bent in the undergrowth. 
Then took the other, as just as fair, 

And having perhaps the better claim, 
Because it was grassy and wanted wear; 

Though as for that the passing there 
Had worn them really about the same. 

. . . 
Somewhere ages and ages hence: 

Two roads diverged in a wood, and I— 
I took the one less traveled by, 

And that has made all the difference. 

Like the traveler in the poem—although more simply—we face a choice between 
two roads: interrelated roads traveled by learning progression reformers and 
researchers. One appears more worn, but like the roads in Frost’s poem, both are 
really worn about the same. It is the choice that makes all the difference. 
 We call the first road the curriculum and instruction road and the second road 
the cognition and instruction road. Fortunately, we are more than one traveler and 
do not have to choose (or should not choose) at a glance. President Obama’s 
stimulus package (e.g., see http://www2.ed.gov/programs/racetothetop-assessment/ 
index.html accessed November 3, 2010) has the potential to allow researchers and 
reformers the pursuit of both in order to see if, in fact, one of the two roads makes 
all the difference, whether both do, or whether neither does. 

The Curriculum and Instruction Road 

The curriculum and instruction road may be characterized by the development of 
instructional units on, say, living organisms (Lehrer & Schauble, 2000) or sinking 
and floating (Shavelson, Yin, et al., 2008); K-8 curricular specifications for, say, 
atomic structure (Smith, Wiser, Anderson, & Krajcik, 2006); or even content 
specifications spanning K-12 science (e.g., Valverde & Schmidt, 1997). 
 To be sure, cognition is not omitted from the curriculum and instruction road. 
Yet we believe that curriculum and instruction progressions are based largely on 
logical analysis of content structure—perhaps a kind of spiral curriculum as 
envisaged by Jerome Bruner (1960) in The Process of Education. This logical 
content analysis is combined with what we call “psychologizing” as to how 
students might develop ideas cognitively.2 Yet such psychologizing is always 
limited to the person engaged in this process. When concrete data are brought to 
bear on the cognitive processes students employ, complication and surprises arise. 
This is evident as students “think aloud” when they wrestle with solving a problem 
or explaining why things sink and float. 
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 With a few exceptions, learning progressions following the curriculum and 
instruction road have not been empirically validated, at least in the strong sense 
that each learning progression posited has been researched, replicated, and 
validated as described by Corcoran et al. (2009). Empirical validation of learning 
progressions might be obtained through cognitive workshops, short essays, predict-
observe-explain probes, teaching experiments, and the like that elicit students’ 
explanations of natural phenomena (e.g., why do things sink and float?). Indeed, 
SEAL research suggests that context—in this case teacher and teaching method—
will greatly influence the validity of a learning progression interpretation of student 
performance. 
 Even though learning progressions following the curriculum and instruction 
road have seldom been adequately validated empirically, we need to follow this 
road to the development of learning progressions for a number of reasons. 
Logical analysis and psychologizing can only take us along the road; empirical 
research can help guide us. But given the immensity of the curriculum, how 
might we accomplish the kind of self-correcting research needed to fine-tune 
and validate learning progressions? We don’t know, but we have a proposal—
one that might be surprising. We believe that teaching experiments and action 
research with collaborating teacher and researcher teams might amass the 
evidence and provide the practical wisdom needed to study and refine learning 
progressions. (Our proposal contrasts with that of Shavelson, Phillips, Towne, 
and Feuer, 2003, who argue that such experiments are only a beginning and 
need to be replicated on large scale). We envision such teams working on 
particular progressions, learning what does and does not work, fine-tuning the 
progressions, and making their findings available to others working on the same 
progression. In this way, we might expand both our knowledge of developing 
and validating learning progressions and our practice in using them. If we 
assemble a critical mass of teams working on important learning progressions, 
we might jump start the research and development agenda and create enough 
replications to evaluate the validity and utility of the proposed progressions. We 
would then be in a position to know if this is a road worth taking as we logically 
analyze and psychologize learning progressions. All of this might then lead to 
new and improved methods for studying learning progressions, which seem a 
practical necessity. 

The Cognition and Instruction Road 

While the curriculum and instruction road begins with a logical analysis of content, 
the cognition and instruction road begins with a psychological analysis of cognition 
underlying content—what does it mean to understand core ideas in science? How 
can we use knowledge about cognition to build instruction that improves the 
chances of all students learning at high levels? 
 There is a long tradition in the psychological analysis of cognition related to 
subject-matter learning; studies by David Ausubel (1963), Robert Gagne (1965), 
Jerome Bruner (1966), and Robert Glaser (1963) are early examples. The goal 
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 An issue with this kind of learning progression is whether it accurately reflects 
cognition. Put another way, does students’ knowledge actually grow in this linear, 
progressive way? Put still another way, does the progression provide a valid and 
practically useful way of portraying the pathway of cognitive development? By 
valid we mean whether students’ knowledge actually grows in this way. By useful 
we mean that if their knowledge does grow this way, can the progression inform 
curriculum development, classroom teaching, and assessment? 
 There is another way to conceive of the pathway from naïve to expert 
understanding of a core science conception. It builds on two principles in cognitive 
science. The first principle is that knowing and doing are embedded in a cognitive 
network. The second principle is that memory is reconstructive. Together  
these principles lead to the hypothesis that when confronted by a natural 
phenomenon and posed a problem, students will construct an explanation that is 
context-dependent, drawing on bits and pieces of knowledge embedded in a 
memory network to reconstruct their knowledge and, thus, to provide an 
explanation. Note that if students at different places in the evolution from naïveté 
to expertise have bits and pieces of knowledge organized in a coherent linear 
manner, their cobbled-together explanations would most likely follow a linear 
learning progression, such as the one shown in Table 1. 
 But suppose students’ knowledge is not so orderly. Suppose they have bits and 
pieces of loosely related knowledge about force and motion in their cognitive 
networks, garnered from extensive personal experiences and brief classroom 
encounters. In this case, their explanations will most likely be quite context-
specific; if superficial characteristics of the problem change, we suspect students 
would change their explanations in ways not explicated by the learning 
progression in Table 1. Progress might not be neat and linear, although our 
statistical and qualitative modeling might force it, Procrustean style, into 
something neat and linear. Rather, progress from novice to expert might be better 
conceived as somewhat hectic and non-linear. If we conceive of memory as a 
complex network, at various times a student might make progress by building up 
bits and pieces of knowledge about force and motion into a small subnet, but other 
bits and pieces might still be unconnected. Of course, students might vary on 
which subnets they develop and which bits and pieces of knowledge lie scattered 
in memory. Depending on the context of a force and motion problem, an 
appropriate subnet might be accessed by one group of students but not by other 
groups. 
 If knowledge comes in bits and pieces, then the knowledge appears organized 
and coherent only when a high level of competence is reached. Anything less than 
expertise gives rise to multiple “mental models” and explanations for the same 
underlying phenomenon by the same person under different contexts. And if this is 
so, prescriptions based on a linear learning progression might not be accurate; if 
inaccurate, they might be heuristic at best and misleading at worst. 
 Jeffrey Steedle’s (2008) doctoral dissertation provides examples of our concern. 
He examined the extent to which students’ responses to force and motion test items 
fit a learning progression. He made this examination for three different learning 
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progressions dealing with conceptions in force and motion, including constant 
speed as shown in Table 1. He used multiple-choice item data where the 
alternatives included naïve conceptions or “facets” of understanding from Jim 
Minstrell’s Diagnoser (Minstrell, 2000). In a Bayesian latent class analysis of the 
data, comparing models based on the learning progressions and models based on 
“knowledge in pieces” in a cognitive network, Steedle and Shavelson (2009) 
report: 

Students’ actual response patterns aligned with the proposed learning 
progressions for two sorts of students: those whose understanding is (nearly) 
scientifically accurate and those [naïve students] who believe that velocity is 
linearly related to force. Learning progression diagnoses for these levels 
could be interpreted validly (with few caveats), but diagnoses for the other 
levels could not because students diagnosed at those levels are not expected 
to consistently express the ideas associated with their learning progression 
levels … This suggests that it is not feasible to develop learning progressions 
that can adequately describe all students’ understanding of problems dealing 
with Explaining Constant Speed. Finally, an analysis of relationships 
between learning progression levels and facet classes indicated that the 
confirmatory [learning progression] model failed to make important 
distinctions between latent classes that the exploratory [knowledge in pieces] 
model made. (p. 713) 

Therefore, Steedle and Shavelson (2009) conclude: 

Students cannot always be located at a single level of the learning 
progressions studied here. Consequently, learning progression level diagnoses 
resulting from item response patterns cannot always be interpreted validly. It 
should be noted that the results presented here do not preclude the possibility 
that some individuals systematically reason with a coherent set of ideas. These 
results do, however, provide strong evidence that there are few substantial 
groups of physics-naïve students who appear to reason systematically about 
the forces acting on objects with constant speed. Further, these results 
corroborate findings from other physics education research indicating that 
many physics-naïve students should not be expected to reason systematically 
across problems with similar contextual features. (p. 713) 

 There is, then, evidence gathered on the cognition and instruction road that gives 
us pause as we proceed in the pursuit of learning progressions. This evidence 
suggests re-thinking how we conceive of learning progressions or even if learning 
progressions are the “right” way to think about the growth of students’ knowledge. 
Indeed, the evidence supports the not-so-tidy definition of learning progressions 
used in the NAEP 2009 Science Framework (NAGB, 2008). Progressions are not 
developmentally inevitable but depend on instruction interacting with students’ 
prior knowledge and new knowledge construction; there is no one “correct order” 
for the progression. That is, progressions evolve in a succession of changes that take 
place simultaneously in multiple, interconnected ways. Progressions are, to date, 
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partly hypothetical and inferential since long-term longitudinal accounts do not exist 
for individual learners. 
 Perhaps conceiving of knowledge growth as a learning progression, let alone 
attempting to order levels in a learning progression, needs some re-thinking. 
Rather, conceiving of knowledge growth as a hectic, opportunistic, constructive 
process of cobbling together bits and pieces of knowledge, as Steedle’s (2008) 
dissertation suggests, might prove to be beneficial as we attempt to assist teachers 
in building students’ understanding of the natural world. Then we would need to 
figure out how the bits and pieces evolve into coherent models of the natural world 
with instruction. 

CONCLUDING COMMENTS 

The first author was asked to act as a friendly curmudgeon at the LeaPS conference 
in order to raise issues and ask questions as the learning progression train gathers 
steam and leaves the station. If we have accomplished anything, it has been to be 
curmudgeon-like. Our overriding concern is that an inadequately tested idea for 
improving curriculum, teaching, and assessment is being moved into prime time 
prematurely. We state this concern with full recognition that the learning 
progression concept has legs. If the concept is not developed in practice, it will 
languish in researchers’ arcane journals. Nevertheless, we warn that there is the 
potential that a premature rush to implementation may result in more unintended 
mischief than intended good at this point. 
 We must, for example, guard against fitting our data to a preconceived notion of 
a learning progression. Rather, in a Popperian sense, we should seek 
disconfirmation; only when we fail should we move the progression into prime 
time. Even at this point, we need to monitor how well the progression works and 
agree to modify it as evidence demands. 
 We also need to make a concerted effort to gather evidence from the field 
that learning progressions embedded in curricular materials are operating as 
intended. We posed one possible approach that would move this agenda 
forward—that of teaching experiments and action research conducted by 
collaborating teacher-researcher teams. Such teams, on a large scale, might 
gather the empirical evidence and provide the practical wisdom needed to refine 
and improve learning progressions. Teams can work on particular progressions, 
learn what works and what does not, fine-tune the progressions, and make their 
findings available to others working on the same progression. We trust that 
those conducting learning progression research will think of other ways to 
address this area of concern. 
 A concerted effort should also be made to ensure that cognitive interpretations 
of learning progressions are accurate, useful, and lead to intended learning with 
minimal unintended consequences. Learning progressions may not be nice and 
linear. Teachers need to know this as researchers pursue heuristic representations 
of progressions to assist in practice, with an expectation of evolution and 
correction through research and practice over time. It seems that progress from 
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novice to expert may not be linear but may be better conceived as a wandering 
journey through a complex memory network comprised of bits and pieces of 
information. Students might be nested in non-linear subnets for particular 
contextual representations of a problem. Steedle’s (2008) research suggests a 
methodological approach for guarding against imposing theory on data by testing 
theory—our notion of a particular learning progression—with data. Both 
substantive psychological theory building and research into learning progressions 
are needed urgently for the most important science conceptions in the 
curriculum. A concerted research effort is needed. We again trust that those in 
the learning progression community will think of other ways to address this area 
of concern. 
 We have one final curmudgeonly thought. Whatever we come up with as a 
learning progression research and development agenda for reform, it must take into 
account the capacity of teachers to implement. The four million teachers in the 
United States are not, in general, like the teachers who volunteer to work with 
researchers in developing and testing cutting-edge ideas. It is well known that the 
former group of teachers lack, on average, the critical content knowledge needed to 
use learning progressions. They also lack the time needed to acquire that 
knowledge so that they may address the challenges that emerge when students do 
not nicely and neatly follow the prescriptions of the progressions and the 
textbooks. Whatever we do needs to take this reality into account; teacher 
professional development may not be extensive enough to address this challenge. 
So, finally, we trust that learning progression researchers will also think of ways to 
address this area of concern. 
 In closing, we have discussed two roads taken in the pursuit of learning 
progressions. In truth, the two roads don’t diverge in a yellow wood nearly as 
much as Frost’s roads. Rather, they continually intersect at the point of instruction. 
So the final challenge is to merge these roads as a major highway of coherent 
research to support the policy engine that is now steaming down the track… can 
we even catch up before it derails? 
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NOTES 
1 The Learning Progressions in Science (LeaPS) conference took place from June 24–26, 2009, in 

Iowa City, IA. 
2 Incidentally, Bruner (1966) had a particular version of psychologizing in building curriculum. 

Curricular materials should move from initially enactive (physical manipulation) to iconic (mental 
image of physical manipulating) to symbolic (symbol replaces mental image). 
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JOSEPH S. KRAJCIK 

THE IMPORTANCE, CAUTIONS AND FUTURE OF 
LEARNING PROGRESSION RESEARCH 

Some Comments on Richard Shavelson’s and Amy Kurpius’s “Reflections 
on Learning Progressions” 

Amelia Wenk Gotwals and Alicia Alonzo asked me to write a response to 
“Reflections on Learning Progressions” by Richard Shavelson and Amy Kurpius 
(chapter 2). I am pleased to contribute these remarks to further the discussion on 
learning progressions. 
 Shavelson and Kurpius, who describe themselves as “friendly curmudgeons,” 
begin their reflections by warning the community not to adopt simple solutions by 
forcing data to fit learning progressions. This is a wise caution since force fitting of 
data, before we have learned all that we can from this research paradigm, will 
prove fatal to learning progression research. Such research will improve the 
learning and teaching of science only if the community conducts careful, 
systematic, and unbiased research. 
 When I first entered the world of education research in the mid-1980’s, 
misconceptions research was in full bloom and, as learning progressions do now, 
offered the promise of guiding research in science education and of helping 
students learn science. Unfortunately, although some researchers conducted 
excellent research and advanced our knowledge, everything was interpreted as a 
misconception. Laundry lists of misconceptions were published and presented at 
conferences. If students gave incorrect responses to assessment items or in 
interviews, the conclusion was that they held a misconception about the idea. Any 
response that did not match canonical science was considered a misconception. 
Many researchers failed to recognize that students may have simply been 
unfamiliar with the particular idea being assessed or that the items used to assess 
understanding were poorly written. I raise this issue because it represents a good 
illustration of what Shavelson and Kurpius refer to as “Procrustean bed” 
methodology—when researchers force a pattern onto data to fit the main idea of 
science education research. 
 To avoid such force fitting of data to learning progressions, the community 
needs to critically monitor and evaluate its own work. Without such self-
evaluation, like Shavelson and Kurpius, I fear that an abundance of learning 
progressions will be developed that has not been carefully researched. As a result, 
learning progression research will fail to produce findings that promote learning of 
core ideas in science. 
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 Learning progressions, like formative assessment, appeal to researchers, 
practitioners, and policy makers. However, this appeal should not allow for 
superficial development of ideas. Nor should it prevent systematic research and 
development to occur so that learning progressions can quickly be developed 
and used in schools. Individuals who conduct learning progression research 
know the difficulties and challenges of the work, especially since clear 
procedures for developing and testing learning progressions are underspecified. 
Of course, as Shavelson and Kurpius state, a challenging situation exists 
because policy makers, curriculum designers, and teachers wish to use learning 
progressions to guide assessment and curriculum materials development and 
instruction. 
 Creating learning progressions, unfortunately, requires years of systematic 
research. One major premise of learning progression work is that it requires 
empirical accounts of how students learn. Although some research findings exist 
that the community can draw upon in the design of learning progressions, much 
more is needed. As Shavelson and Kurpius state, while some initial learning 
progressions are based on research findings, these learning progressions require 
further development. Until the results from systematic research are available, the 
gaps in our knowledge need to be filled with our best guesses. I agree with this 
approach; however, in the absence of such research, rationales based on theoretical 
foundations for decisions need to be provided when articulating levels of learning 
progressions. 
 Although the community should heed this warning by Shavelson and 
Kurpius, it also needs to move forward. Because the support of students’ 
learning of science has never taken a developmental perspective, science 
learning has suffered. Learning progressions focus the science education 
community on how ideas gradually become more sophisticated over time based 
on coherent unfolding of ideas, instruction, and prior experiences. Science 
education would benefit from a developmental perspective that extends beyond 
thinking about how science ideas progress based on the logic of the discipline to 
include how students can reason with core ideas based on the examination of 
more targeted experiences under optimal teaching and learning conditions. 
 Let’s look at an example to see the value of learning progressions in designing 
curriculum materials. It is not unusual for curriculum materials to introduce ideas 
about the water cycle before students develop understandings related to the particle 
model of matter. Although students can certainly learn about the water cycle in a 
descriptive sense without understanding the particle model of matter, they cannot 
provide a causal mechanism that explains the water cycle in the absence of the 
particle model. Unfortunately, curriculum materials and teachers too quickly 
introduce the particle model, failing to build an evidence-based model that has 
explanatory power. What is so unfortunate about this instructional approach is that 
students perceive and memorize the particle model as fact rather than as a framework 
that can provide causal accounts of phenomena encountered in their daily lives. 
However, if instruction could help students develop the beginnings of a particle 
model, learners could use this model to explain phase changes. Then, when students 
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explore ideas related to the water cycle, the particle model is reinforced and more 
connections are made. At this point, students develop a more integrated 
understanding that allows them to offer more sophisticated causal accounts of other 
everyday phenomena. This is the power behind learning progressions. Those of us in 
the community should not let this power slip away because of sloppy and rushed 
research. 
 As someone whose expertise is in curriculum development and the design of 
learning environments, I realize that the water cycle could drive the learning of the 
particle model of matter. I am not criticizing this approach since there are many 
contexts that could be used for learning core ideas; however, my point is that 
instruction cannot simply provide students with a model and expect them to see its 
power to explain phenomena. Instruction needs to help learners develop 
understanding of the model and see the potential the model has as a causal 
mechanism to explain and predict phenomena. 
 Learning progressions move away from the one-paragraph/one page 
description of content ideas that too often are presented in science education. 
Rather, learning progressions provide curriculum designers with the tools 
needed to purposefully build upon students’ current understandings in order that 
they will form richer and more connected ideas over time (Margel, Eylon, & 
Scherz 2008; Merritt, Krajcik, & Shwartz, 2008). Curriculum materials, as 
Shavelson and Kurpius state, must not only build from the nature of the 
discipline but also from what is known about how students learn and reason. 
Fortunately, such materials are beginning to appear, for example, in research by 
Hannah Margel and her colleagues (Margel et al., 2008), Andy Anderson and 
his colleagues (Mohan, Chen, & Anderson, 2009) as well as in my work with 
various colleagues (Krajcik, Reiser, Sutherland, & Fortus, 2008; Merritt, 2010; 
Merritt et al., 2008). These materials were carefully researched in classrooms to 
examine if and how they support student learning. In many respects, these 
materials were developed as teaching experiments (the term used by Shavelson 
and Kurpius). I do not claim that one curriculum fits all teaching situations or 
that curriculum materials are an essential aspect of learning progression 
research. Rather, it is my contention that curriculum developers can take 
advantage of learning progression research to design curricula with a 
developmental focus. Such a focus can provide learners with opportunities to 
build more connected and sophisticated understandings as they examine related 
ideas in new and more complex situations. 
 This narrative, which describes how I envision the essence of the learning 
progression approach, matches the descriptions of learning progressions by 
Shavelson and Kurpius (chapter 2) and by Corcoran, Mosher, and Rogat (2009). A 
learning progression provides a sequence of successively more complex ways of 
reasoning about a set of ideas as learners move from novice to experts as they 
engage in key learning experiences (National Assessment Governing Board, 2008). 
Perhaps science education has created a theoretical and research paradigm that can 
drive the learning of science in the years ahead. However, the research community 
needs to ensure that good development and research work continue. 
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 Next I highlight some important aspects of the design and research of learning 
progressions that, although presented in the Shavelson and Kurpius chapter, require 
further articulation. 
 First, learning progression work is based on a solid foundation of theoretical 
ideas. In some respects, researchers are in a unique position as far as science 
education since the cognitive and learning sciences communities have provided 
key theoretical underpinnings for learning progressions. Taking Science to School 
(National Research Council, 2007) and How People Learn (National Research 
Council, 1999) articulate what is known in the field about student learning. Never 
before has the science education community possessed such a solid and robust 
understanding of how to advance student learning. 
 The structure of expert knowledge as tightly connected around core ideas that 
drive thinking, observing, and problem solving is a key that informs learning 
progression research. This understanding suggests that only a few learning 
progressions for core/big ideas in the disciplines require careful development. The 
National Research Council identified a few core ideas that drove their work in the 
design of the new conceptual framework for K-12 science education.1 This does 
not mean that there is only one trajectory for each core idea since learning is 
influenced by instruction and personal experience. However, to help students 
develop and refine their ideas, a few hypothetical learning progressions for core 
ideas should be developed. Thereafter classroom research/teaching experiments 
should further refine and articulate each learning progression. Unfortunately, very 
little empirical work is available to help guide the design of learning progressions 
around these big ideas. For instance, I question if the idea of density should form a 
learning progression. Certainly, density is a useful idea, but it is not a big idea that 
helps explain a host of phenomena (Stevens, Sutherland, & Krajcik, 2009). In 
contrast, a big idea might be: 

The properties of matter can change with scale. In particular, as the size of a 
material transitions between the bulk material and individual atoms or molecules 
it often exhibits unexpected properties that lead to new functionality – generally 
at the nanoscale – a material often exhibits unexpected properties that lead to 
new functionality. (Stevens, et al., 2009, p. 37) 

 As this big idea is developed into a learning progression (and this is only a 
hypothetical case), perhaps the idea of density may become part of the learning 
progression.2 If this is the case, then researchers need to learn how to support 
students in building the idea of density by determining which key phenomena, 
experiences, and analogies are useful to this learning. For the project Investigating 
and Questioning our World through Science and Technology [IQWST] Krajcik, 
Reiser et al. (2008) describe an activity a classroom teacher created that seemed 
useful for developing middle school students’ understanding of density. In this 
activity, there are two boxes of equal size: One is filled with Styrofoam packing 
peanuts and the other with books. Although the box with the books has much 
greater mass than the box with Styrofoam packing peanuts, their volumes are the 
same. The teacher then invites different students to lift the boxes. This multimodal 
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experience helps students build connections they will remember. The teacher uses 
this activity to help students realize that two variables, mass and volume, are 
important in the density of materials. Building this understanding is critical to 
understanding density. This example points to an important research component in 
developing, refining, and articulating learning progressions: Once learning 
progressions are developed, the community needs to conduct research to gather 
learning data for various segments of the progressions. If density is part of the 
learning progression on the properties of materials, then it is essential to identify 
key instructional activities that can develop student understanding. 
 Second, I agree with Shavelson and Kurpius that learning progressions are not 
linear, that students need to revisit ideas under new contexts to refine their 
understanding, and that ideas often link across learning progressions. For instance, 
ideas related to force and interactions intersect with learners' understanding of 
ideas related to transformations of matter. Without building certain key ideas in 
forces and interactions, a learner can only proceed so far in understanding 
transformations of matter and can only develop a descriptive model of 
transformation instead of a mechanistic model. 
 In my view, there are four requirements for learning progressions. First, the big 
idea should be identified and explained. This step involves unpacking the big idea 
(see below for additional ideas about unpacking). Second, the learning progression 
should be clearly described at each level. This description should explain the 
student reasoning expected at each level, prerequisite understandings that often are 
part of the previous level, and the links to related ideas. Research-based 
articulations of the difficulties and challenges learners experience as they move to 
higher levels are essential. As Anderson (2008) notes, the levels should relate 
logically from the learner's perspective not necessarily based only on the logic of 
the discipline. As part of considering the learner’s perspective, we should also 
examine how students learn and how to identify the content they find engaging. 
Third, each learning progression should include psychometrically validated 
assessment items that can identify students at a particular level. Fourth, each 
learning progression should include classroom-tested instructional components— 
key phenomena, analogies, and tasks—to use in advancing learners to the next 
level of understanding. These instructional components are not curriculum 
materials, but they provide teachers and curriculum developers with instructional 
components that are useful for building curriculum materials. 
 A learning progression for the particle nature of matter will require that students 
understand that gases are matter and as such have mass. It has been well documented 
that many middle school students do not think of gases in this way. An instructional 
activity for this learning progression could be to ask students to determine the mass 
of a filled CO2 cartridge, empty the CO2 cartridge, and then to determine its mass 
again. The change in mass of the cartridge is evident. But one example or illustration 
is never enough to build understanding. This also works with a filled gas tank for a 
barbeque grill. Anyone who has filled a barbeque gas tank knows that the filled tank 
is much heavier than the empty tank. However, the difference in weight between the 
filled and empty tank comes to a surprise to many. Other ideas might work as well. 
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For instance, I spoke with Dr. Phil Johnson, a science educator and divisional 
director for postgraduate education at Durham University in England, about his work 
on learning progressions. He described how students determine that the mass of a 
closed system does not change when a substance transforms from the liquid stage to 
the gaseous stage (P. Johnson, personal communication, November 5, 2010). The 
critical point I am trying to make is that although there could be several key 
instructional activities to help students move from one level to the next, there is 
probably a finite set. These key instructional components are linked to the current 
level and to assessments associated with the learning progression and show how to 
support students moving to the next level. 
 These learning progression activities for the particle model of matter contain 
critical instructional components that support students constructing understanding 
to move to the next level. If such instructional components are not addressed, in 
my opinion, learning progression work is vacuous, as a learning progression by 
itself cannot support teachers or curriculum. I know a difference of opinion exists 
in the learning progression community about the value of these instructional 
components and whether they should be considered part of the learning progression 
or if they are instead part of a teaching progression. However, without them, I do 
not see how researchers could validate a learning progression; in my work, these 
instructional components are essential in learning progressions. In testing a 
learning progression, researchers need to examine how students progress when 
opportunities to learn arise; otherwise, research measures the result of instruction 
that is based, not on how students develop ideas across time, but on curriculum 
materials that may be less than optimal for supporting learning (Roseman, Stern, & 
Koppal, 2010). In some sense, the conversation about whether these instructional 
components are/are not aspects of the learning progression is misguided. To 
validate a learning progression, opportunities to learn are necessary. 
 The work by Anderson and colleagues on a learning progression for 
environmental literacy (e.g., Mohan et al., 2009) illustrates the importance of 
conducting learning progression work in classrooms that target big ideas. Many 
high school students don’t achieve upper levels of environmental literacy because 
they lack the opportunity to learn the big ideas in the learning progression with the 
typical high school curriculum. However, high school students who have 
participated in teaching experiments have experienced coherent instruction take a 
different path and reach higher levels of performance. Hence, the validation of 
learning progressions should take place in environments where students have 
opportunities to learn the ideas in the learning progressions. The challenge is to 
develop learning environments in which the components work together—the 
learning progression, assessments and instruction. In the absence of one, you 
cannot make progress with the others. Other colleagues (e.g., Richard Lehrer and 
Leona Schauble) argue for the importance of linking professional development to 
learning progressions. I agree with the important role that professional 
development plays in helping teachers learn the new practices that learning 
progressions require. Without professional development, it is unlikely we will see 
such practices in classrooms. 
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 Like good curmudgeons, Shavelson and Kurpius set up two non-intersecting 
roads traversed in learning progression work—the curriculum and instruction road 
and the cognition and instruction road. (My background and work on the design of 
curriculum materials and learning progressions seems to place me along the 
curriculum and instruction road). But I fear that Shavelson and Kurpius have over-
simplified the situation. A number of researchers have created a third road that 
merges the first two roads—the cognition, curriculum, and instruction 
superhighway (see below). 
 In IQWST (Krajcik, Reiser et al., 2008), my colleagues and I think seriously 
about what students need to learn (Krajcik, McNeill, & Reiser, 2008). We 
rigorously address content ideas by identifying and unpacking science standards. 
Unpacking refers to breaking apart and expanding various concepts to elaborate  
the intended content. In unpacking a science standard, in addition to examining the 
importance of the content, we look at how students reason and how they use 
knowledge. We examine common student difficulties, prior understandings needed 
to build the target understanding, and aspects of prior conceptions that may pose 
difficulties. Thus unpacking a science standard helps articulate its content and 
helps identify the reasoning and use of knowledge appropriate for learners. 
 Once the key science ideas are identified and unpacked, we develop “learning 
performances” to articulate the cognitive tasks that students should accomplish 
with this content. The development of learning performances is a critical step 
because science standards are typically presented as declarative statements of 
scientific facts that do not specify the type of reasoning students should engage in 
with ideas. My work with Namsoo Shin and Shawn Stevens uses a similar process 
of unpacking, but we refer to learning performances as “claims” and identify the 
evidence students must show the claim is met (Shin, Stevens & Krajcik 2010). 
 Several other groups (e.g., Duncan, Rogat, & Yarden, 2009; Songer, Kelcey, & 
Gotwals, 2009) create learning progressions that blend key science ideas and 
practices with students’ reasoning. Although these researchers may appear to be on 
the curriculum and instruction road, their work suggests they have split off 
somewhat from that road. They seem to be taking a new road that intersects both the 
curriculum and instruction road and the cognition and instruction road. Still other 
researchers (e.g., Lehrer & Schauble, 2008) appear to be transversing the cognition 
and instruction road as they unpack what it means to model with various 
mathematical ideas such as probability. Schauble and Lehrer also follow the same 
road that Anderson, Duncan, Songer, and I have taken (Krajcik, Reiser et al., 2008). 
This road is neither the curriculum and instruction road nor the cognition and 
instruction road but rather a blend—the cognition, curriculum and instruction 
superhighway. These research efforts represent the third road that Shavelson and 
Kurpius envision. The works cited clearly show this new road is already under 
construction and is being used. It is not yet the superhighway the field needs, but 
researchers are laying its foundation by blending the work of diverse groups who 
have expertise in the cognitive and the learning sciences, science or mathematics, 
science/mathematics education, and the teaching and learning of science/ 
mathematics. Researchers are blending knowledge of learning, classrooms, 
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psychometrics and the sciences in order to explain and advance student learning. 
The community still has a long way to go to complete this superhighway, but this 
work is currently underway laying a foundation for improving teaching and 
learning. 
 As Shavelson and Kurpius envision, the curriculum and instruction and the 
cognition and instruction roads have come together, and the learning progression 
community needs to follow this road to make the type of progress the field needs. 
However, it will take the work of diverse individuals to build these learning 
progressions. My work with learning progressions (e.g., Shin & Krajcik, 2008) 
suggests that the psychometric expertise that individuals such as Mark Wilson and Jim 
Pellegrino bring to the construction site is required. The National Science Foundation 
(NSF), which is concerned with bringing psychometricians and science educators 
together, sponsored a parallel workshop to the LeaPS conference (see Duncan & 
Krajcik, 2008) to help young scholars in the field develop psychometric expertise. 
 Shavelson and Kurpius make several points in their closing remarks that I wish to 
re-emphasize. I agree that the community needs to prevent force-fitting data to 
preconceived notions about learning progressions. This won’t be easy to avoid, and 
the community must be self-critical to avoid this tendency. In addition, the 
community should gather evidence from a variety of classrooms in which curriculum 
materials and instruction follow ideas linked to levels of a learning progression to 
determine if the learning progression operates as intended. This is challenging work 
since few curricula based on learning progressions now exist. When such research 
doesn’t exist, it needs to be conducted or researchers and designers need to take their 
best guess based on theory and experience to design materials. Through testing these 
materials, researchers will learn how students’ understandings develop. The NSF 
should also offer strong support of systematic and long-term research on learning 
progressions. If the current round of funding is not continued in future cycles, 
knowledge for the field will be developed, but it will be limited. Learning 
progression research, by its very nature, is longitudinal and it is unlikely that 
researchers will design optimal progressions and associated curriculum and 
assessment materials on their first attempt. Researchers will learn much from the data 
they collect that will feed back into revising the learning progression. Moreover, 
because learning progressions depend on instruction interacting with learners’ prior 
knowledge, students who advance to higher grades, having experienced instruction in 
earlier grades based on learning progressions, should reason about phenomena 
differently compared to learners who have not had such instruction. 
 Finally, the idea of teaching experiments is consistent with the work in IQWST 
and the work by Andy Anderson, Ravit Duncan, and others. Working closely with 
teachers and researchers with different areas of expertise is critical to developing 
learning progressions and materials that can change how learning occurs in the 
classroom. Research teams should consist of individuals with expertise in teaching, 
psychometrics, the cognitive and learning sciences, science education, and the 
science disciplines. In addition, more teachers should be involved with these 
teaching experiences so that we can see how these ideas scale and if they can be 
used in a variety of classrooms. 



THE IMPORTANCE, CAUTIONS AND FUTURE OF LEARNING PROGRESSIONS 

35 

 The chapter by Rich Shavelson and Amy Kurpius points to some important 
considerations. Generally a curmudgeon is defined as a difficult, cantankerous 
person or a killjoy—a person who spoils the joy or pleasure of others. Despite 
their use of the word as a self-description, it certainly does not apply to 
Shavelson and Kurpius. To me, they are thoughtful and friendly critics or 
commentators who highlight some important ideas that advance the work of 
learning progressions. If at one time there was a curriculum and instruction road 
and a cognition and instruction road, they have now merged as a third road —the 
super highway. But like any road, and especially a super highway, it takes 
money, time and the collaborative efforts of individuals with diverse expertise to 
construct. 
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2 Wilson (this volume) proposes one possibility for a larger learning progression that includes 
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ADDRESSING CHALLENGES IN DEVELOPING 
LEARNING PROGRESSIONS FOR ENVIRONMENTAL 

SCIENCE LITERACY 

In a world where human actions increasingly affect the natural systems on which all 
life depends, we need educated citizens who can participate in personal and public 
decisions about environmental issues. The effects of global warming have wide-
reaching ramifications. No longer can policy decisions be made by a select few. For 
example, decisions about how to distribute water so that urban, agricultural, and 
natural ecosystems have adequate water supplies or about whether to tax carbon 
emissions require that citizens understand scientific arguments about the effects of 
their actions. Scientists and policy makers are presenting results of scientific 
research directly to the public—for example, 2007 Nobel Prize Winners Al Gore 
(2006) and the Intergovernmental Panel on Climate Change (2007). A question that 
confronts us as science educators is how can we help the public respond to these 
reports and the debates around them: How can we prepare our citizens to engage 
directly in the collective human response to global climate change? 
 The purpose of the Environmental Literacy Project is to contribute to the 
preparation of citizens for participation in the necessary collective response to 
global and local environmental issues. We believe that citizens must have an 
understanding of underlying scientific models and principles in order to evaluate 
experts’ arguments about environmental issues and recognize policies and actions 
that are consistent with their environmental values. Environmental science literacy 
requires an understanding of many aspects of science, including chemical and 
physical change, carbon cycling, water cycling, biodiversity, and evolution by 
natural selection. Although these phenomena are currently addressed in many state 
and national standards documents and in school curricula, typically they are 
addressed in disconnected ways—in different courses or in different units in the 
same course. 
 Research in the Environmental Literacy Project is divided into four strands. 
Research groups for three of these strands are working to develop and validate 
learning progressions leading toward connected and coherent understandings of 
three key aspects of socio-ecological systems: water (Covitt, Gunckel, & 
Anderson, 2009; Gunckel, Covitt, Dionise, Dudek, & Anderson, 2009), carbon 
(Jin & Anderson, this volume; Mohan, Chen, & Anderson, 2009), and biodiversity 
(Zesaguli et al., 2009). A fourth research group has investigated students’ 
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decision-making practices in citizenship roles (Covitt, Tan, Tsurusaki, & 
Anderson, 2009). The work on citizenship practices is relevant to the other three 
research strands of the project because it explores students’ developing capacities 
to use their understanding of water cycling, carbon cycling, and biodiversity to 
make informed and responsible decisions about socio-ecological issues. 
 The goal of developing an environmentally literate citizenry defines the 
parameters of our learning progressions. Three parameters are of particular 
importance. First, developing environmental science literacy involves both 
cognitive and sociocultural aspects of learning. Citizens must understand the 
conceptual scientific models related to important environmental issues and be able 
to draw on their understanding of these models in order to participate in 
discussions and decision-making processes. These two aspects of learning mean 
that we must address such questions as: What cognitive models and types of 
reasoning are necessary for understanding environmental issues? What forms of 
participation are valued in a community? How does one become an informed and 
engaged member of a community? We chose to develop learning progression 
frameworks that describe changes in students’ knowledge and practices as they 
progress toward environmental science literacy. 
 Second, our learning progressions cover broad scientific content areas. Even 
within the domain of any single strand of our research (e.g., water or carbon), the 
content involves multiple conceptual models. Furthermore, environmental 
science literacy involves making interconnections among the three content 
domains. Therefore, our learning progression frameworks do not focus on any 
single conceptual model (e.g., atomic-molecular theory). Rather, we chose to 
focus our learning progression frameworks on the changes in knowledge and 
practices that are apparent as students develop scientific, model-based views of 
the world. 
 Third, our learning progressions are not tied to a specific curriculum or 
curriculum materials since we want to describe the current progression of 
student thinking given the status quo curriculum and the current state of 
education. We seek to develop learning progression frameworks for a broad 
range of students—upper elementary through high school students in urban, 
suburban, rural, and international settings. Our learning progression frameworks 
have to account for diversity in student backgrounds and grade levels. 
Therefore, we use a large grain size in defining the steps in our learning 
progression frameworks in order to highlight the patterns in student thinking 
across this broad range of students. 
 In this chapter, we describe our responses to two challenges that these choices 
present to our work. One challenge is defining what progresses in a learning 
progression that spans a broad grade range of diverse students across three 
conceptual domains. We found that elementary students’ accounts of phenomena 
rely on a different worldview and different word meanings than the scientific 
understandings we want students to develop by twelfth grade. This challenge has 
led us to use a Discourses perspective to define our learning progression 
frameworks. We describe this perspective in the context of the water cycle learning 
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progression. Another challenge we have faced is describing the role that 
instruction plays in defining a learning progression. We have identified two 
possible pathways that students may take through our learning progressions and 
hypothesize that each pathway may be linked to different instructional approaches. 
We describe these pathways and approaches in the context of the carbon cycle 
learning progression. 

CHALLENGE 1: WHAT PROGRESSES IN A LEARNING PROGRESSION? 

Our approach to defining what progresses in our learning progressions has 
changed over time. During our initial rounds of learning progression framework 
development, we focused on determining what students did and did not 
understand about the big ideas in each domain. However, we soon discovered that 
we had difficulty in connecting the responses that younger students gave us to the 
responses that older students provided, and in connecting both younger and older 
students’ ideas to the scientific, model-based reasoning of environmental science 
literacy without taking a deficit perspective on younger students’ responses and 
thinking. For example, when we asked students if the rain near the ocean is salty, 
we received some responses from young students that included, “No, because the 
rain taste[s] the same,” and “No, because it’s filtered by the sky.” Older students’ 
responses included “No, because as it [the water] evaporates back into the clouds, 
the salt molecules are too heavy to evaporate as part of the water molecules.” One 
interpretation may be that the younger students had misconceptions about how 
water and substances cycle through the atmosphere whereas the older students had 
conceptions that were closer to correct ones. However, this interpretation only 
told us what the students did not understand. It did not help us understand how the 
younger students’ reasoning might become more like the older students’ 
reasoning. 
 We realized that students reasoned about the problems we posed to them in very 
different ways than scientists do. We initially sought to make sense of the 
differences by contrasting informal narrative accounts with scientific, model-based 
accounts of phenomena. However, we eventually realized that both informal and 
scientific accounts may take the form of narratives; they are merely different types 
of narratives. Informal narratives tell stories about actors who make things happen. 
Scientific accounts also tell stories about phenomena. However, scientific 
narratives are constructed using scientific principles to constrain possible outcomes 
and explanations. Thus when asked what happens to a puddle, a student who 
provides an informal narrative may say that the sun dried up the water. A student 
who uses a scientific narrative will recognize that the water does not disappear but 
instead changes state. This student will say that the water in the puddle evaporated 
to become water vapor in the air. 
 Furthermore, our decision to focus on the sociocultural aspects of learning 
meant that we had to account not just for students’ conceptions and reasoning but 
also for how they participate in various communities. Members in different 
communities provide different types of accounts of phenomena that are based on 



KRISTIN 

42 

the norm
the acco
parents a
would b
problem
Discours
framewo

REL

From th
conceptu
2002; W
that ide
commun
(Gee, 19
specific 
practice
Discour
new pra
 
 

 

Fig

L. GUNCKEL, LI

ms for talking 
ount (Driver, A
at home, child
be insufficient

ms. To address
ses, practices,
orks and to trac

LATIONSHIPS A

he perspective
ualized as the

Wenger, 1998)
entify a soc
nities through 
991). Particip
knowledge. F
s in Discour
ses requires tr
ctices. 

gure 1. Embedde

INDSEY MOHAN

and interacting
Asoko, Leach, M
dren may use in
t and unaccep
s these challen
, and knowle
ck changes in s

AMONG DISCO

e of Discours
e process of m
. Discourses a
cially meanin
the practices 

pating in the p
Figure 1 shows
rses. Trackin
racing changes

ed relationships 

N, BETH A. COV

g within a com
Mortimer, & S
nformal, every
ptable to scien
nges, we turn
edge to organ
student thinkin

OURSES, PRAC

ses, practices
mastering a ne
are the ways o
ngful group. 
in which mem
practices of a
s the embedde

ng students’ 
s in student kn

among Discours

VITT 

mmunity and o
Scott, 1994). In
yday narratives
ntists grapplin

ned to the rel
nize our lear

ng. 

CTICES, AND K

s, and knowle
ew Discourse 
of talking, thin

Discourses 
mbers of the co
a community, 
ed relationship
progress as 

nowledge as s

ses, practices, an

on the purpose
n talking with t
s of the world 
ng with scien
lationships am
rning progres

KNOWLEDGE 

edge, learning
(Cobb & Hod
nking, and ac
are enacted 

ommunity eng
in turn, requ

p of knowledg
they learn n

tudents engag

 

nd knowledge. 

 

es of 
their 
that 

ntific 
mong 

sion 

g is 
dge, 
ting 

in 
gage 
uires 
ge in 
new 

ge in 



DEVELOPING LEARNING PROGRESSIONS FOR ENVIRONMENTAL LITERACY  

43 

Discourses. We describe the patterns of language use that define the perspectives, 
values, and identities that link people in social networks as Discourses. These 
Discourses provide the lenses through which people see and make sense of their 
world. 
 People participate in many different communities during their lives and can thus 
draw on many Discourses. They begin life with the primary Discourse of their 
home communities. “All humans… get one form of discourse free, so to speak… . 
This is our socioculturally determined way of using language in face-to-face 
communication with intimates” (Gee, 1991, p. 7). As people expand their 
communities of participation, they learn new, or secondary, Discourses. 

Beyond the primary discourse, however, there are other discourses which 
crucially involve institutions beyond the family… Let us refer to these 
institutions as secondary institutions (such as schools, workplaces, stores, 
government offices, businesses, or churches)… Thus we will refer to them as 
“secondary discourses.” (Gee, 1991, p. 8) 

Students’ primary Discourses define the lower end of our learning progression 
frameworks. The process of learning involves mastering the ways of talking, 
thinking, and acting associated with secondary Discourses. The target secondary 
Discourse for the Environmental Literacy Project learning progression frameworks 
is the Discourse of environmentally literate citizens capable of using scientific 
reasoning in their roles as democratic citizens (Covitt, Gunckel, et al., 2009; Covitt, 
Tan, et al., 2009; Mohan, Chen, & Anderson, 2009). For example, with respect to 
the water cycle, environmentally literate citizens participate in the collective 
decision-making processes necessary to maintain and protect adequate fresh water 
quality and quantity for people and the natural ecosystems on which they depend. 
Below we describe the primary and secondary Discourses that are relevant to our 
learning progressions. 
 Primary Discourse: Force-dynamic reasoning. Students’ primary Discourses 
provide insight into how they make sense of their world. Understanding students’ 
primary Discourses is about more than just determining what students do and do 
not know about the world; this understanding also involves students’ world views 
and experiences. 
 Although there are many different primary Discourses rooted in diverse 
sociocultural communities, one common feature that they share is a force-dynamic 
approach to explaining the events of the world.1 Linguist Stephen Pinker (2007) 
and developmental psychologist Leonard Talmy (1988) argue that there is a 
“theory of the world” built into the basic grammar of all languages. They label this 
theory of the world force-dynamic reasoning. We must learn this theory in order to 
speak grammatical English; this theory, in turn, shapes how we view and explain 
events. 

There is a theory of space and time embedded in the way we use words. 
There is a theory of matter and causality, too. . . . These conceptions . . . add 
up to a distinctively human model of reality, which differs in major ways 
from the objective understanding of reality eked out by our best science and 
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logic. Though these ideas are woven into language, their roots are deeper 
than language itself. They lay out the ground rules for how we understand our 
surroundings. (Pinker, 2007, p. vii) 

Pinker notes that this structure exists in many languages, not just English. Thus 
characteristics of how students make sense of the world are rooted in the grammatical 
structure of the language of their primary home Discourse. Recognizing these 
characteristics in students’ primary Discourses allows us to use patterns in students’ 
language structures to look across students’ diverse social and cultural home 
communities and find common patterns in their ways of thinking about the world. 
 Force-dynamic reasoning explains the events of the world in terms of cause and 
effect relationships between objects with “intrinsic tendencies and countervailing 
powers” (Pinker, 2007, p. 219). Characteristics of force-dynamic reasoning include: 
• Actors and abilities. The events of the world are largely caused by actors in 

accord with their abilities. Human actors have the most abilities, followed by 
animals, then plants. Dead things have no abilities, so they are acted on by other 
actors. Non-living entities such as machines can be actors with limited abilities. 
Depending on the situation, water can also be an actor, such as when a river 
carves a canyon. 

• Purposes and results. Actors have goals or purposes, and the results of events 
are generally the fulfillment of the actors’ purposes. Higher-level actors can 
have many purposes, so animals grow, move, think, etc. Lower-level actors 
have fewer purposes—for example, the main purpose of a tree is to grow. While 
inanimate materials such as water do not have purposes, they do have “natural 
tendencies” to move toward their appropriate places in the world. One such 
tendency of water, for example, is to flow downhill. 

• Needs or enablers. In order to use their abilities and fulfill their purposes, actors 
have to satisfy certain needs. For example, a tree needs soil, water, air, and 
sunlight to grow. Conversely, actors can also have inhibitors or antagonists that 
prevent them from fulfilling their purposes. Thus a concrete sidewalk inhibits 
water from soaking into the ground. Water can also be an enabler or an inhibitor 
for another actor, such as the person who needs clean water to drink. 

• Events or actions. The events of the world occur when actors have all their 
needs met or all required conditions are present. For example, water can flow 
from one lake to another lake if a river connects them. 

• Settings or scenes for the action. Finally, there are settings or scenes for the 
action. These settings include air, earth, stones, etc. They provide the 
background landscape or the stage on which actors act or events happen. Water 
is often the background landscape against which other events happen. 

In force-dynamic reasoning, the ultimate outcome of an event, or an action by the 
actor, is the result of the interplay of what can broadly be described as “forces”—
forces that support the action through enablers, and forces that hinder the action 
through antagonists. 
 Secondary Discourse: Scientific reasoning. The secondary Discourse of 
environmentally literate citizens that defines the upper end of our learning 
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How people in their various roles engage in these practices depends on the 
Discourses of the communities in which they are participants. People who 
participate in communities that use the secondary Discourse of scientific reasoning 
engage in these practices in ways that represent environmentally responsible 
citizenship. We would like students to become informed citizens who are aware of 
the possible environmental consequences of their actions and who will take those 
consequences into account. 
 Citizens’ decisions and actions can always—and should—be based on 
considerations and values other than scientific knowledge and environmental 
consequences. Environmental science literacy is about giving people real 
choices— helping them understand possible alternative actions and their 
consequences— rather than leaving them trapped by ignorance. The citizenship 
practices we are interested in are: 

1. Inquiry (Investigating): Inquiry involves investigating issues and deciding 
whom to trust. Environmentally literate citizens learn from experience and use 
evidence to construct and evaluate explanations. They evaluate both sources of 
evidence and the evidence itself. For example, citizens must be able to learn 
about and understand the specifics of particular water quality and supply issues 
and situations. They must be able to identify and understand pertinent evidence 
and then analyze and evaluate the quality of the evidence and arguments 
presented by multiple stakeholders. In contrast, people engaging in inquiry 
practices embedded in non-scientific Discourses may be limited to 
investigating issues by considering social rather than scientific information 
(Fleming, 1986). They may rely on immediate factual claims rather than 
evaluate those claims in conjunction with scientific theories and content 
knowledge learned in school (Kolstø, 2006). Furthermore, in deciding whom 
and what to trust, people using non-scientific Discourses use strategies such as 
“thinking for themselves” and evaluating the motivations, interests, and biases 
of different sources (Kolstø, 2001) without considering the relevance and 
validity of evidence presented by sources with perceived “suspect” interests. 
From a scientific perspective, one should not assume that just because evidence 
is, for example, presented by a large corporation that it is, by virtue of its 
source, automatically invalid. 

2. Accounts: Accounts involve the practices of explaining and predicting outcomes 
of processes in socio-ecological systems. 
• Explaining processes in systems. Environmentally literate citizens must 

combine scientific and socio-scientific models and theories (i.e., general 
knowledge) with specific facts of the case (i.e., local knowledge) to 
explain what happens to water in the socio-ecological systems in which 
they live and how these systems are affected by human actions. People 
using non-scientific Discourses explain processes using informal 
knowledge rooted in family experience, popular culture, and popular 
media. As such, their explanations often differ greatly from scientific 
explanations. 
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• Predicting effects of disturbances or human policies and actions on processes 
in systems. When making informed decisions, citizens must use their 
understanding of socio-ecological systems to make predictions about the 
potential consequences of possible actions on the local water system. While 
predictions are always complicated by limited information and uncertainty, 
scientists use specific strategies (e.g., calculating confidence intervals) for 
dealing with uncertainty. In contrast, in their day-to-day lives, few people 
consciously engage in weighing uncertainties when making predictions (Arvai, 
Campbell, Baird, & Rivers, 2004). Instead, people generally rely on heuristic 
principles (i.e., intuitive judgments; Tversky & Kahneman, 2000) when 
predicting likely outcomes of different actions. Nevertheless, with instructional 
support, even children in second grade are capable of conceptualizing multiple 
types of uncertainty in scientific investigations (Metz, 2004). 

3. Deciding: Decision-making involves conscious or unconscious choices about 
personal lifestyles or courses of action in private roles and about people or policies 
to support in public roles. Decisions related to socioscientific issues do not depend 
just on science: ultimately, such decisions also depend on personal values (Kolstø, 
2006). Thus scientific values cannot determine our decisions, but our decisions 
can be informed by scientific knowledge and practice. Scientifically-informed 
decision-making involves using science as a tool to support the practices identified 
in Figure 2: investigating, explaining, predicting and deciding. 

In the Environmental Literacy Project, we have done some work on students’ 
inquiry and deciding practices (Covitt, Tan et al., 2009). Our primary focus, 
however, has been on students’ accounting practices: explaining and predicting. 
 Knowledge. Citizenship practices for environmental science literacy require that 
citizens understand and use knowledge. Such knowledge ranges from understanding 
general principles, such as the law of conservation of matter, to specific knowledge 
of local situations. Figure 3 shows the domain of general knowledge about water in 
socio-ecological systems necessary for environmentally literate citizens if they are 
to engage in the practices described above. The boxes in Figure 3 show the 
environmental systems and human social and economic systems that comprise a 
global, connected socio-ecological system. The arrows connecting the boxes show 
that the systems in the boxes do not exist in isolation. Human social and economic 
systems depend on natural systems for fresh water; the decisions and actions that 
take place within the human social and economic systems have a significant impact 
on the quality and distribution of water in environmental systems. 
 The Loop Diagram for water in socio-ecological systems (Figure 3) depicts 
knowledge that we believe students should have upon graduation from high school. 
How students think about and understand the systems and processes through which 
water and substances in water move is the focus of our learning progression 
research. The next section presents the learning progression framework that 
describes the knowledge and practices that students bring to learning about water in 
socio-ecological systems and how their knowledge and practices change through 
their experiences in school. 
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conceptual understandings that environmentally literate citizens must have. We call 
these understandings the Upper Anchors of our learning progression frameworks. 
We then developed initial assessment items to probe students’ thinking about these 
ideas. Assessments were administered to students in grades 4–12. The students’ 
responses to an assessment item were pooled, and then a sample of responses was 
ranked from least sophisticated to most sophisticated. We used our Upper Anchors 
as the standard for ranking responses. 
 This process involved many discussions among the researchers as we debated 
what constituted a more or less sophisticated answer. For example, if a student said 
that the water in a puddle “dried up,” was the student describing evaporation? Did the 
student believe that the water disappeared forever? Was the student describing an 
observation (e.g., the puddle is gone) as opposed to describing a process (e.g., drying 
is a process of becoming unwet)? If a student said that the water from a puddle 
“soaked into the ground,” was that evidence that the student was tracing water, or did 
the student believe that water that soaked into the ground was gone forever? 
 We realized that the challenge was in understanding how students’ language 
provided clues to their views of the world. We turned to the work of linguists such 
as Stephen Pinker and Leonard Talmy who have studied the connection between 
language and cognition. Eventually we were able to use the characteristics of force-
dynamic and model-based reasoning as lenses to examine our data. By searching 
for characteristics of force-dynamic and model-based reasoning we began to see 
patterns in the rank ordering and to identify groups of student responses with 
similar characteristics. We were then able to identify features in student responses 
that changed from less to more sophisticated answers. We used these features to 
build an initial learning progression framework. Responses in the least 
sophisticated group were labeled the Lower Anchor and reflect the ideas and 
accounting practices representative of the primary Discourse that students bring to 
learning about water, carbon, and biodiversity. Groups of responses that were more 
sophisticated than the Lower Anchor answers and less sophisticated than the Upper 
Anchor answers were used to describe changes in student thinking across the initial 
learning progression framework. Once we had an initial learning progression 
framework, we continued to conduct successive rounds of assessment design, 
administration, and analysis to refine the learning progression framework. We 
followed this procedure for developing each of our learning progression 
frameworks (i.e., water, carbon, and biodiversity). 
 Components of a learning progression framework. All the learning 
progression frameworks in the Environmental Literacy Project have the same 
general structure—similar to the one presented in Table 1—as the learning 
progression framework for water in socio-ecological systems (Anderson, 2009). 
This structure uses a learning performance as a unit of analysis. Learning 
performances are students’ responses to assessment items. They are organized 
according to progress variables and levels of achievement. The next sections 
describe these features in terms of the learning progression framework for water in 
socio-ecological systems and connect these features to relationships among 
Discourses, practices, and knowledge described above. 
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1. Movement of Water – Describes how students identify and describe processes 
that move water across landscape-scale distances through connected systems. 
This progress variable includes whether students recognize and apply 
constraints on processes such as conservation of matter, gravitational control of 
water flow, and permeability of materials. It also includes students’ 
understanding of the structure of the systems through which the water moves 
(e.g., a groundwater system, a surface water system). 

2. Movement of Substances in Water – Describes students’ conceptions of water 
quality and the ways in which students identify and describe processes that mix 
and move substances with water. It includes students’ attention to the 
microscopic and atomic-molecular scales when describing substances in water 
and the processes that mix, move, and unmix substances. The progress variable 
describes whether students recognize and apply constraints on processes, 
including conservation of matter, gravity, and permeability of materials. 

Levels of achievement. Levels of achievement are patterns in learners’ 
performances that extend across progress variables (Mohan, Chen, & Anderson, 
2009). We have identified four levels of achievement that track student accounts 
from a force-dynamic to a model-based view of the world. Levels 1 and 2 describe 
a force-dynamic Discourse. Level 2 represents a more fully developed force-
dynamic account of events of the world than Level 1. Levels 3 and 4 describe the 
transition to a scientific model-based view of the world. Level 4 describes a more 
fully developed model-based reasoning than Level 3. The next section describes 
these levels in detail. 
 A learning progression framework for water in socio-ecological systems. 
The following description of the levels of achievement for the learning progression 
framework for water in socio-ecological systems was developed based on students’ 
written responses to 20 assessment items addressing different aspects of hydrologic 
systems. Students in grades 2–12, from rural, suburban, and urban schools, 
responded to these items. The descriptions provided below use examples of 
students’ responses from a subset of these 20 items. 
 Items focusing on movement of water: 

1. Puddles: After it rains you notice puddles in the middle of the soccer field. After 
a few days you notice that the puddles are gone. Where did the water go? 

2. Bathtub: Could the water (from the puddles) get in your bathtub? 
3. Groundwater: Draw a picture of what you think it looks like underground where 

there is water. 
4. Water in Rivers: How does water get into a river? 

Items focusing on movement of substances in water: 

1. Water Pollution: What are examples of water pollution? 
2. Salt Dissolving: What happens to salt when it dissolves in water? 
3. Treatment: Describe the different treatments that are used to make sure water is 

safe to drink. 
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4. Ocean Water: If you had to make ocean water drinkable, how would you go 
about doing it? 

5. Salty Rain: If you live by an ocean, will your rain be salty? Why or why not? 
Level 1: Force-dynamic accounts. Level 1 students explain and predict using the 
language of force-dynamic Discourse. Their accounts include the key 
characteristics of force-dynamic reasoning about the course of an event, including 
the setting, the actors, and their abilities, purposes, and needs. Actors can achieve 
their purposes if they have all the necessary enablers and if there are no antagonists 
or opposing actors. If there are antagonists, then the outcome depends on which 
actor has the greater powers. 
 Moving water: Water in the background landscape. Level 1 students describe 
water as part of the background landscape. Responses at this level do not account 
for what happens to visible water after it disappears from view. For example, Level 
1 responses to the Puddles item included, “It got dried up by the sun.” Similarly, a 
response to the Bathtub item was, “No. It already disappeared into the air.” When 
asked to draw water in places they cannot see, such as underground, Level 1 
students imagine water in locations they can see and translate those images to 
places they cannot see. For example, they draw pictures of groundwater as water in 
underground pipes or tanks. 
 Substances in water: Accounts of types or qualities of water. Level 1 students 
describe water quality in terms of types of water rather than other materials mixed 
with water. For example, one student’s examples of water pollution included, 
“Lake water, ocean water, sea water, well water, pond water.” Another student 
wrote, “black merkey [sic] water.” Level 1 students focus on visible features and 
on human actors as agents. Thus one response to the Water Pollution item focused 
on a human action rather than on matter: “Some examples are throughing [sic] 
bottles and pop cans.” When asked about materials in water that are not visible, 
Level 1 students tend to say that the materials have gone away. Answering the Salt 
Dissolving item, one student wrote, “the water overpowers the salt by making it 
disappear.” Level 1 students think of changes in water quality as something that 
changes water from one type to another and of water purification as something that 
human actors do without describing a specific process. For example, in response to 
the Ocean Water item, one student wrote, “I would not be happy because I would 
have to drink uncleaned [sic] water.” Another wrote, “Cleaning it and making sure 
it’s clean.” 
 Level 2: Force-dynamic accounts with hidden mechanisms. Level 2 students 
still explain and predict using force-dynamic reasoning but give more attention to 
hidden mechanisms in their accounts. They recognize that events have causes and 
often use simple mechanisms to explain or predict events. Students at Level 2 are 
beginning to trace water and substances, recognizing that water and substances that 
are no longer visible go someplace else. 
 Moving water: Natural tendencies with conditions. At Level 2, students still 
think about water as part of the background landscape, but their conception of the 
size of the background landscape is larger. Level 2 students think about the water 
in rivers as connected to water in other rivers and groundwater as layers of water 
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underground. Level 2 students think about the movement of water as a natural 
tendency of water, and they identify possible enablers and antagonists to 
movement. For example, Level 2 responses to the Bathtub item included, “Yes. If 
it was a rainy day and if there were puddles saved from yesterday and you open the 
door it could go in to the bath tub [sic] then there would be puddles in the bathtub.” 
And, “Yes. If you had a window in your bathroom like I do, if you happened to 
have it open it would condensate [sic].” These responses identify an action that a 
person must take to enable water to move from the puddle into the bathtub. 
 Substances in water: Objects and unspecified stuff in water. At Level 2, students 
recognize that water can mix with other materials. They think water pollution is the 
result of harmful things put in water, often by people. These harmful things may be 
objects (e.g., “garbage,” “dead animals,” “rotten food”) or unspecified materials 
(e.g., “muck,” “cemicals [sic]”). When materials are mixed with water, and the 
materials are no longer visible (e.g., salt dissolving in water), Level 2 students, like 
Level 1 students, may explain that the materials have disappeared. However, Level 
2 students begin to provide novice explanations for tracing matter. Example 
responses to the Salt Dissolving item include explaining that the substances stay 
separated, “The salt will go to the bottom,” or explaining that you will see a visible 
change, “The water changes color.” Level 2 students also describe simple, 
macroscopic scale mechanisms to mix or unmix water and other substances. For 
example, one student responded to the Treatment item by writing that a filter 
“Takes the rocks and mud/dirt out of it.” Level 2 students have difficulty tracing 
substances with water through invisible system boundaries. For example, some 
Level 2 students answered the Salty Rain item by suggesting that salty water 
evaporates and turns into salty rain. Another student suggested that salty water 
does not turn into salty rain because the water is “filtered by the sky.” 
 Level 3: School science accounts. Level 3 accounts can be characterized as the 
re-telling of stories about water that are learned in school. Students recognize that 
water and substances in water are parts of connected systems, and their accounts 
include processes that move water and substances through systems. However, there 
are gaps in students’ reasoning, suggesting that students’ narratives are not 
connected into complete models that they use to explain and predict. Level 3 
students do not consistently use principles to constrain processes. While they 
recognize that water and substances can exist at atomic-molecular scales, Level 3 
students mostly identify processes (e.g., evaporation) without describing what 
happens to atoms and molecules. 
 Moving water: Partially connected systems. At Level 3, students are beginning 
to trace water through connected systems. However, the nature of the connections 
among systems is not always clear to students. Hidden connections are most 
problematic. For example, one Level 3 response to the Bathtub item is, “I think yes 
because of the fact where else would we get our water from? I know this because 
after it goes back into the water system it gets cleaned and then it goes to our wells 
and gets used in our bathtubs.” This student left out essential steps in moving water 
from puddles into the engineered water system. An example of a Level 3 response 
to the Water in River item is, “through streams, tributaries, and run off.” This 
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response suggests that the student is tracing water along multiple pathways along 
the surface, but is not considering possible underground pathways to the river. 
 Substances in water: Substances mixed with water. Students at Level 3 
understand water quality in terms of identified substances mixed with water. They 
sometimes use common chemical names (e.g., identifying “chlorine” as a possible 
water treatment). Their accounts conserve matter through changes in water quality, 
including invisible changes such as salt dissolving in water. They demonstrate 
awareness of smaller than visible scales (e.g., they use the word “molecule”), but 
they do not describe structures and processes at the atomic-molecular scale. For 
example, one student answered the Salt Dissolving item by writing, “The salt 
molecules spread out in the water.” At this level, students’ accounts trace water and 
substances across invisible boundaries, generally using descriptions that do not 
account for atoms and molecules. For example, one student answered the Salty 
Rain item, “No, because when water evaporates it only evaporated as water and 
leaves the salt behind.” 
 Level 4: Qualitative model-based accounts. Level 4 students use scientific model-
based accounts to explain and predict. Their predictions use data about particular 
situations combined with scientific principles to determine the movements of water 
and substances in water. Students who use scientific model-based thinking can trace 
water and substances in water along multiple pathways through connected systems. 
Furthermore, students at Level 4 can connect phenomena that happen at the 
macroscopic scale to landscape and atomic-molecular scales. 
 Moving water: Connected systems. At Level 4, students trace water through 
connected natural and engineered systems along multiple pathways. For example, 
Level 4 responses to the Puddle item trace water along multiple pathways. “Runoff 
into drainage system or seeped into groundwater supply or evaporated into air or 
combination of all of these.” Level 4 responses to the Bathtub item show more 
detailed connections between natural and human-engineered systems. “Yes: As the 
water returns to groundwater, it flows into an aquifer. This aquifer could possibly 
be the one tapped for city water. The water would be purified and delivered via 
pipes to my house.” Furthermore, Level 4 responses apply principles to constrain 
processes at the landscape scale. For example, one Level 4 response to the Water in 
River item noted that water could get into a river through the aquifer by following 
the downhill underground flow and an impermeable layer underground. This 
response identified how topography and permeability constrain the flow of water in 
aquifers. 
 Substances in water: Identified substances mixed with water at multiple scales. 
Students at Level 4 consistently provide chemical identities for substances and 
consider relative amounts of substances in reasoning about water quality. 
Furthermore, identified chemical substances are connected to an understanding of 
structure at the atomic-molecular scale. For example, one student answered the Salt 
Dissolving item by writing, “When salt is dissolved into water the salt breaks up 
into its ions of NA+ [sic] and CL- [sic].” In the assessment data, there were some 
responses that reached Level 4 with respect to simple substances (e.g., salt). 
However, there were very few responses at Level 4 with respect to more complex 
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substances (e.g., sewage). In addition, few students provided Level 4 accounts by 
tracing substances mixed with water across system boundaries (especially invisible 
boundaries) with atomic-molecular scale descriptions. 
 What is progressing? In our view, growth along a learning progression 
framework represents movement towards mastering a secondary Discourse. 
Students’ primary Discourses include characteristics of force-dynamic reasoning. 
As students develop the model-based reasoning of the secondary scientific 
Discourse, force-dynamic reasoning does not disappear. Students at lower levels of 
achievement have only their primary Discourse to frame the way they view the 
world and participate in communities. As students gain mastery over secondary 
Discourses, they have more tools to use to account for their experiences and make 
sense of the world. The practices they engage in depend on the Discourses of the 
communities in which they are participants. Thus students may be capable of 
providing a model-based account of water in environmental systems, but they may 
provide force-dynamic accounts if they judge that is what their listeners or readers 
expect. In fact, force-dynamic accounts can often be sufficient for explaining 
phenomena. It is not always necessary to explain evaporation in terms of molecules 
and energy if one just needs to communicate that the puddle in the field is no 
longer there and the team can now play soccer (“The field dried up; let’s go play”). 
Stating that the puddle is gone is all that is necessary in this situation. However, if 
one is participating in a community that is trying to figure out why the soccer field 
is always soggy (e.g., it was built in a place where the water table is close to the 
surface), one needs to use a model-based account of a scientific secondary 
Discourse. Students who control secondary Discourses can participate in more 
communities. Without access to the Discourses necessary for environmental 
science literacy, students cannot become active participants in evidence-based 
discussions about local and global environmental issues. 
 Remaining issues. The perspective of Discourses, practices, and knowledge has 
been productive in helping us describe and track what progresses in learning 
progressions that must account for a wide range of students’ changing knowledge 
and practices. It has helped us to organize our data in ways that have allowed us to 
see important patterns in students’ reasoning. However, there are still some 
challenges that we need to address. 
 One difficulty is describing the nature of Level 3. We are still trying to 
determine if students at Level 3 are developing beginning model-based reasoning 
or if their accounts are the result of layering on more details to their primary 
Discourse view of the world. This challenge is complicated because the process of 
developing a new Discourse is a process of adding a secondary Discourse and not 
replacing the primary Discourse. Thus characteristics of both primary and 
secondary Discourses are often present in Level 3 accounts. For example, a Level 3 
student, when asked to explain how water gets into a river, responded: 

Water gets into a river by a cycle called the water cycle. First, clouds fill up 
with water droplets and rain onto mountains. The water on the mountains 
builds up and slides down the mountains into the river. Some of this water 
evaporates and becomes more clouds. 
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This student seems to be tracing water from the atmosphere to the surface water 
system and back. However, the description includes force-dynamic elements, such 
as clouds filling up with water. Is this student developing a model-based view of 
the world, or is this student just incorporating school-based narratives about how 
water cycles into their force-dynamic views of the world? Plans to conduct more 
clinical interviews that probe students’ responses to assessment items may help us 
tease apart these details. 
 Another difficulty is writing assessment items that can be answered by 
students who are at different levels of achievement. We have had to learn how to 
write assessment prompts that can elicit responses across a range of Discourses. 
We have found that students who can use model-based reasoning may provide 
force-dynamic responses to assessment items if the item prompt does not 
specifically request a model-based response. For example, students who can use 
a model-based account to describe what happens when salt is mixed with water 
may not do so unless specifically requested to include descriptions of atoms and 
molecules in their answer. However, adding these clues to the prompts 
sometimes makes the prompt seem too difficult to students who have not 
developed a model-based view of the world. Sometimes these students do not 
provide any response to the item, even though a force-dynamic response would 
have been possible. We continue to explore ways to write assessment prompts 
that can be productive for both force-dynamic and model-based reasoners (Jin & 
Anderson, this volume). 
 The relationships among Discourses, practices, and knowledge are useful in 
helping us meet the challenges that our choices for our learning progressions have 
introduced. We will continue to leverage the benefits this perspective provides and 
address the limitations that it presents as we move forward. In the next section, we 
describe another challenge that our goals for developing interconnected learning 
progressions for environmental science literacy have presented. 

CHALLENGE TWO: DEFINING PATHWAYS AND LINKING TO INSTRUCTION 

The research groups of the Environmental Literacy Project are at different stages in 
the learning progression design process. The water and carbon research group have 
each developed two critical design products—a learning progression framework 
and associated assessments. In addition, the carbon cycle research group has 
developed a third design product aimed at linking its learning progression 
framework to instruction. This third design product is a set of instructional 
resources that allows teachers to use learning progression frameworks in their 
classrooms and allows researchers to investigate how students learn the practices of 
environmental science literacy. 
 We recognize that progress through a learning progression is not 
developmentally inevitable. Instruction influences progress, and students may 
take more than one path through learning progression framework levels, 
depending on the instruction they receive. While the majority of students we 
assessed in the past five years revealed similar types of reasoning, which were 
characteristic of Levels 1–3 in our learning progression frameworks (as 
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described previously for the water learning progression framework), the carbon 
research group also collected evidence that suggested some students exhibit 
notable differences in reasoning compared to their peers at the same grade level 
(Chen, Anderson, & Jin, 2009; Jin & Anderson, this volume; Jin, Zhan, & 
Anderson, 2009; Mohan, Chen, & Anderson, 2009). We interpreted these 
differences as indications of alternative pathways in the learning progression. 
Our project uses the term “pathway” to describe the paths learners may take 
between the Lower and Upper Anchors. While pathways share anchor points, 
the intermediate levels vary, which makes the pathways distinguishable. The 
variation in these intermediate levels provides an opportunity to explore the role 
instruction plays in the learning progression. 
 The teaching experiments conducted by the carbon cycle research group 
show how we approached the challenge of identifying and defining multiple 
pathways and the challenge of defining the link between instruction and the 
learning progression. In this section we provide a brief overview of the carbon 
cycle learning progression framework. Thereafter we explain how we identified 
and defined alternative pathways in the learning progression, the approach we 
took in linking these pathways to instruction, and the limitations of our 
approach. 

OVERVIEW OF THE CARBON CYCLE LEARNING PROGRESSION FRAMEWORK 

The Upper Anchor of the carbon cycle learning progression framework identifies 
three groups of carbon-transforming processes that are necessary for mastering 
scientific Discourse. These are the processes that generate organic carbon 
through photosynthesis, the processes that transform organic carbon through 
biosynthesis and digestion, and the processes that oxidize organic carbon through 
cellular respiration and combustion. We chose to organize the Upper Anchor 
around these processes because human and other living systems use them to 
acquire energy, and environmental systems use them to regulate levels of 
atmospheric CO2; thus an understanding of these processes is central to 
environmental science literacy. This grouping highlights important similarities 
and differences in how the three processes alter the flow of matter and energy at 
different scales. 
 Table 2 shows that progress from the Lower Anchor to the Upper Anchor 
requires substantial reorganization of knowledge about these processes. The middle 
row—Macroscopic events—is accessible by individuals using both Lower and 
Upper Anchor Discourses; thus we can use these events to examine different 
Discourses (see Jin & Anderson, this volume). The bottom row—Lower Anchor—
shows how an individual using primary Discourse might organize and account for 
macroscopic events, while the top two rows—Upper Anchor—show how an 
individual who has mastered scientific Discourse accounts for the same set of 
events (i.e., the Carbon-transforming process row shows patterns in chemical 
reactions, while the Scientific accounts row shows specific chemical processes 
learned in school). 



KRISTIN 

58 

Note. Fr
Ecol

Resea
Reprod

Students
organism
plants, 
attention
that invo
have los
are pron
 When
they can
principle
obeys th

1. hierar
system

2. conse
atoms

3. conse
create

An indiv
and ener
world. 
 The c
generatio
energy) 
the scien

L. GUNCKEL, LI

Table 2. Contra

rom “Developing
logical systems,”
arch in Science T
duced with perm

s at the Low
ms and object
animals, and 

n to the differen
olve actors stru
t their capacity

ne to decay. 
n individuals a
n provide scien
es. Mastering s

he following pr

rchy of system
ms that have st
ervation and c
s); and 
ervation and d
ed or destroyed

vidual at the U
rgy principles—

carbon cycle 
on, transforma
as key dimen

nce and scienc

INDSEY MOHAN

asting Ways of G

g a Multi-Year L
” by L. Mohan, J
Teaching, 46, p.
ission of Wiley P

er Anchor vi
s. These stude
objects—as o

nt needs and ab
uggling to fulfi
y as actors (stu

at the Upper A
ntific accounts
scientific Disc
rinciples: 

ms and scale 
tructures and p
cycling of mat

degradation of 
d; however, un

Upper Anchor
—to construct 

learning progr
ation, and oxid
sions. These d

ce education co

N, BETH A. COV

Grouping Carbon

Learning Progre
J. Chen, and C. 
 684. Copyright 
Periodicals, Inc.

ew macroscop
ents organize 
opposed to p
bilities of acto
ill their natural

udents often say

Anchor observe
s that reflect o

course includes

(i.e., the wo
processes that o
tter (i.e., laws

f energy (i.e., 
like matter, en

r uses scientifi
explanations a

ression framew
dation) and pr
dimensions hav
ommunities. W

VITT 

n-Transforming 

ession for Carbo
W. Anderson, 20
t 2009 by Wiley P
. via Copyright C

pic events as 
their world b

processes. The
ors and to the o
l tendencies. D
y dead things “

e the same ma
organization b
s recognizing t

orld is organiz
occur at multip
s of conservat

energy, like m
nergy cannot be

fic principles—
and to organiz

work uses bot
rinciples (i.e., 
ve recognizabl

We used proces

Processes. 

on Cycling in Soc
009, Journal for 
Periodicals, Inc.
Clearance Cente

 characteristic
based on actor
ey pay partic
outcomes of ev
Dead things, wh
“have no energ

acroscopic eve
based on scien
that every proc

zed into dyna
ple scales); 
tion of mass 

matter, cannot
e recycled). 

—especially ma
ze processes in

th processes (
scale, matter, 
le face validity
sses and princi

 

 

cio-

. 
er. 

c of 
rs—

cular 
vents 
hich 

gy”), 

ents, 
ntific 
cess 

amic 

and 

t be 

atter 
n the 

(i.e., 
and 
y in 
iples 



DEVELOPING LEARNING PROGRESSIONS FOR ENVIRONMENTAL LITERACY  

59 

to opearationalize the knowledge and practice components of our carbon learning 
progression framework. These dimensions guided the development of assessments 
and the analyses of data. Both dimensions became especially important as we 
began to explore pathways in the learning progression and the relationship between 
pathways and instruction. 

LIMITATIONS OF THE CARBON CYCLE FRAMEWORK 

Before the 2008–2009 academic year we developed a learning progression 
framework that describes how student reasoning changes, or evolves, without 
special instructional interventions from researchers. As with the water learning 
progression framework, the carbon learning progression framework was developed 
using an iterative approach where learning progression framework development 
and empirical data from assessments informed each other. What emerged from 
several years of work was a learning progression framework that documented 
consistent patterns among student responses across different settings (Mohan, 
Chen, & Anderson, 2009). The initial design products of this research included a 
learning progression framework and assessments. 
 Processes and principles were central to the initial stages of our work. Both 
dimensions helped us define the knowledge and practice necessary for reasoning 
about carbon cycling. Furthermore, both dimensions were useful for designing 
assessments. For example, we designed assessment items in order to elicit students’ 
accounts about at least one process and at least one principle (e.g., the item, “where 
does the mass of a tree come from?” targets the process of photosynthesis and the 
principle of conservation of matter; “where does gasoline go when a car’s fuel tank 
is empty?” targets the process of combustion and the principle of conservation of 
matter). For this reason, our initial work used processes and principles as progress 
variables in the carbon cycle learning progression framework. We used the 
macroscopic events from Table 2 to identify types of accounts. Most of our 
questions elicited students’ accounts of individual macroscopic processes (e.g., 
plant growth), while a few questions focused on comparisons among processes or 
connections between processes (e.g., how decomposition connects to plant 
growth). We used principles to identify elements of accounts. A complete account 
of any process describes changes in matter and/or energy at different scales. 
 As we continued our development and validation work, however, we saw two 
limitations to the learning progression framework. The first limitation was a 
conceptual problem: although using the processes as progress variables to describe 
types of accounts was useful as a data analysis strategy, using principles proved 
problematic because these principles are not easily differentiated for many 
students. The second limitation concerned evidence of failure in our educational 
system: few students achieved Level 4 reasoning, mostly because their accounts 
did not consistently conserve both matter and energy. 
 Conceptual limitations: Matter and energy as progress variables. As we 
began to look more closely at alternative pathways, we initially hypothesized that 
alternative pathways in the learning progression would relate to different progress 
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on processes and/or principles. We hypothesized that students may reason at higher 
levels about particular processes (e.g. photosynthesis) or particular principles  
(e.g., conservation of matter) compared to other processes and principles. If true, 
our learning progression framework would have to account for these differences. In 
fact, we would have to be especially attentive to these differences when designing 
instructional materials. For example, if students grasped matter principles more 
readily than energy principles, we would use this information to inform our 
instructional interventions. 
 In order to test these hypotheses, we designed assessments to elicit responses 
about both processes and principles. Our goal was to explore whether students 
tended to reason at higher levels about particular processes or principles. The 
assessments were comprised of open-response items about the five macroscopic 
events identified in Table 2. We used 29 assessment items that asked students to 
account for what happens to matter and/or energy during these five events. We 
scored student performance on each item. Although we used 29 items, we 
assigned 45 scores for each student since some items were scored for more than 
one process or principle. Of the 29 items, 25 were scored for matter and 20 were 
scored for energy. It is important to point out that while some items targeted 
either matter or energy, student responses often addressed both. Therefore coders 
scored both principles. For example, when students were asked to explain what 
happens to matter during weight loss, many students used energy in their 
explanations, prompting coders to score for both matter principles and energy 
principles. 
 After scoring individual items we conducted Multidimensional Item Response 
Theory (IRT) analyses in order to obtain person ability estimates, each 
representing the average performance of a single student on all items related to a 
process or principle. We examined whether performance on items about one type 
of process or principle correlated with performance on items about another 
process or principle (Mohan, Chen, Baek, Anderson, Choi, & Lee, 2009). To 
conduct our analyses, we used a sample of assessments from 771 students in 18 
classrooms, grades 4–12. We found correlations between the processes were 
generally moderate to high (.542 or greater). Cellular respiration and 
growth/biosynthesis events appeared slightly more difficult for students than other 
processes. Yet, in general, students exhibited consistent levels of reasoning about 
the processes. 
 However, we encountered two significant difficulties when we examined 
principles—matter and energy—as progress variables in our coding and analyses. 
The first difficulty was conceptual: What do matter and energy mean to students 
who reason at Level 1 and Level 2? When we coded Level 3 and Level 4 accounts, 
we could generally identify elements that corresponded to the scientific concepts of 
matter and could distinguish those from scientific concepts of energy. As we 
uncovered the force-dynamic reasoning of Level 1 and Level 2 accounts, it became 
increasingly problematic to identify “matter” and “energy” in these accounts. In 
explaining the requirements for plant growth, for example, Level 1 and Level 2 
students did not distinguish between forms of energy (sunlight), forms of matter 
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(air, water, soil), or conditions, (warmth, care). Although Level 1 and Level 2 
students frequently used the word “energy,” sometimes they used it to identify 
powers or abilities of actors (e.g., the girl can run because she has energy) and 
sometimes they used it to refer to generalized needs or enablers (e.g., water, air, 
sunlight, and soil all supply plants with energy in different ways). 
 Our search for developmental precursors to scientific concepts of matter and 
energy proved intellectually fruitful. We could track connections between 
younger students’ ideas about enablers and results of macroscopic events and 
older students’ ideas about matter and energy (Mohan, Chen, & Anderson, 2009). 
Similarly, we saw connections between younger students’ ideas about cause and 
action and older students’ ideas about energy sources and transformations of 
energy (Jin & Anderson, 2008). These connections, however, did not really solve 
our underlying conceptual difficulty. The intellectual precursors to scientific 
concepts of matter and energy were like tributaries to a stream: There were many 
of them. It did not really make sense to privilege some over others by labeling 
them as “matter” and “energy” elements in the accounts of students who really 
were not thinking about matter and energy. 
 A second limitation with matter and energy as distinct progress variables 
emerged from our data analyses. We found the correlation between matter and 
energy dimensions was high (0.959), indicating students had very similar scores 
for both matter and energy. This finding reflects both the conceptual difficulty in 
separating the two principles and the limitation these two principles place on 
scoring. While not supporting our original hypothesis that students may 
understand one principle before the other, the results made sense given the 
characteristics of student accounts, especially at the lower levels. In our earlier 
studies, students seemed to use energy as a way to account for mass changes 
attributable to gases. Thus students’ developing knowledge about matter—
especially gases—and their developing knowledge about energy were deeply 
intertwined. Trying to separate and code the two principles forced a distinction 
that most students did not make. 
 We retained matter and energy as progress variables because both are 
distinguishable at the Upper Anchor. Moreover, it is likely that if students are 
given targeted instruction on these principles they may demonstrate pathways with 
different understandings of these two principles. However, our initial use of matter 
and energy progress variables proved fruitless given the understanding of students 
who have experienced traditional, or status quo, instruction. 
 Practical limitations: Evidence of failure in our educational system. Our 
definition of the Upper Anchor (Level 4) of the carbon cycle learning progression 
framework is not overly ambitious. The ideas in the Upper Anchor are included in 
current national standards (National Research Council, 1996) and in the standards 
of many states, including Michigan, where we collected much of our data 
(www.michigan.gov/mde). Our findings showed, however, that few students met 
these standards: Mohan, Chen, and Anderson (2009) found that only 10% of the 
high school students in our sample provided Level 4 accounts of processes and 
principles. These students received similar instruction compared to their peers—



KRISTIN L. GUNCKEL, LINDSEY MOHAN, BETH A. COVITT  

62 

instruction that mainly focused on delivering detail-oriented science information to 
students. 
 A close examination of our data showed that the main explanation of students’ 
difficulties with achieving Level 4 reasoning was their struggle to understand and 
apply matter and energy principles. For example, Level 3 students had difficulty 
connecting macroscopic events with atomic-molecular models. Their accounts of 
processes with gaseous reactants or products often converted matter to energy or 
vice versa. 
 So these findings posed a dilemma. Matter and energy principles did not 
work very well for us as progress variables. At the same time, however, 
students’ main obstacle in achieving Level 4 reasoning was their failure to 
understand and apply those same principles. We also knew that the principles 
should play a critical role in developing our third design product—instructional 
resources—especially given the central role of principles in Upper Anchor 
reasoning. We organized our research in the 2008–2009 academic year to 
address this dilemma. 

ALTERNATIVE PATHWAYS 

As we struggled with this dilemma, we identified a potential solution based on 
research comparing Chinese and American students’ accounts (Jin & Anderson, 
this volume). The evidence that emerged from our analyses suggested we were 
missing an important dimension in our learning progression framework. Jin, et al. 
(2009) and Chen et al. (2009) administered written assessments and conducted 
interviews with middle and high school Chinese students. Their analyses showed 
that Chinese students could more readily use technical language that accurately 
identified appropriate processes. Yet when Chinese students were asked to 
elaborate on their answers, they struggled to construct explanations that followed 
scientific principles. In our reconsideration of the data from American students we 
recognized that many of them had the ability to use scientific “names” for systems 
and processes that exceeded their ability to construct an explanation using 
scientific principles. 
 With this insight, we reexamined data from both Chinese and American 
students in terms of students’ ability to provide “names” for systems and 
processes and their ability to use scientific principles in their explanations. We 
labeled these dimensions “naming” and “explaining.” We used the “naming” 
dimension to explore students’ use of specific key words and phrases 
characteristic of particular levels of reasoning. We used the “explaining” 
dimension to examine the structure of students’ explanations and their 
grounding in terms of scientific principles (Jin & Anderson, this volume). In 
this way, scientific principles remained a centerpiece of our new explaining 
dimension. 
 Our re-examination of the data showed that the majority of students 
demonstrated levels of naming that exceeded their levels of explaining (e.g., Jin et 
al., 2009). This observation made sense given most students in our sample were 
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receiving traditional science instruction, or what we refer to as status quo 
instruction. Such instruction focuses on communicating to students the technical 
language of science (e.g., Lemke, 1990) and on building detailed narratives about 
specific processes. While these narratives are constrained by scientific principles, 
students often focus on the details of the narrative rather than on the more general 
principles. For example, students can memorize chemical equations such as, 
C6H12O6 + 6O2  6H2O + 6CO2 without recognizing that “balancing the equation” 
is a way of applying conservation of matter as a constraining principle—the 
process of cellular respiration does not create or destroy atoms. Similarly, students 
often fail to connect accounts of processes across scales. Students also learn 
narratives about principles as shown by their recitation of conservation laws; 
however, the principles are largely invisible to students. They make no 
connections between narratives of processes and principles. For example, students 
may be able to describe conservation laws, but they cannot use them as reasoning 
tools in different contexts. 
 Our re-examination of the data also revealed that some students had similar 
levels of naming and explaining, while for others levels of explaining exceeded 
levels of naming. For example, some students showed a strong commitment to 
principles, such as conservation of matter or energy, without knowing the technical 
language and technical details of a chemical process. This additional pattern was an 
indication of the possibility of an alternative pathway in our learning progression 
framework. For this reason, naming and explaining dimensions were particularly 
useful for distinguishing between the pathways students take through the levels of 
the learning progression framework. We labeled these pathways “structure-first,” 
which focused on naming, and “principles-first,” which focused on explaining with 
principles. Figure 4 depicts these pathways with their shared Lower and Upper 
Anchor points. 
 Structure-first pathway and naming. The current carbon cycle learning 
progression framework described by Mohan, Chen, and Anderson (2009) and the 
water cycle learning progression framework described earlier in this chapter are 
largely descriptions of the “structure-first” pathway (the solid line in Figure 4). 
Students on this pathway acquire new scientific words and phrases but use them in 
explanations that retain significant force-dynamic characteristics (e.g., students 
may identify “photosynthesis” as a key process in plants but cannot explain how it 
changes matter or energy). Students may be able to recite conservation laws but 
cannot use these laws to explain what happens to matter or energy during weight 
loss, combustion, or other carbon-transforming processes. Thus we expect students 
who follow this pathway to have higher levels on the Naming progress variable 
than on the Explaining progress variable. 
 We interpret our data and other research on classroom teaching (e.g., TIMSS Video 
Study, Roth et al., 1999) to mean (a) that the structure-first pathway is currently the 
norm in American classrooms and (b) that progress to the Upper Anchor through the 
structure-first pathway is achieved by only a small percentage of students. The 
transcript below illustrates the structure-first pathway. This high school student, Dan, 
showed Level 3 in terms of naming and Level 2 in terms of explaining. 
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Interviewer: Glucose is a type of energy? 

Dan: Yep. 

... ... 

Interviewer: Okay. Now, you know, the tree, when the tree grows 
it becomes heavier, right? It will put on more weight. So where 
does the mass come from? 

Dan: It comes from the, all like glucose that it makes, it like keeps 
building on and building on until it gets as big as it is. 

Interviewer: So what are the energy sources for the tree? 

Dan: Well, the same as photosynthesis- vitamins, water, air, light, 
yeah. 

Level 3 reasoning in the carbon cycle learning progression framework involves the 
incorporation of chemical processes into a student’s account. Dan is able to provide 
scientific names for a chemical process (photosynthesis) and a chemical identity 
for an important material (glucose), which indicates he has acquired “names” 
consistent with Level 3 reasoning. He also understands that plants make glucose 
from other components and that glucose contributes to the increase in mass. Yet 
Dan cannot differentiate between key materials and energy resources in terms of 
scientific principles. In addition to light, he also lists vitamins, water, and air as 
energy sources for photosynthesis. 
 As in the water learning progression framework, Level 2 reasoning about the 
carbon cycle is characterized by force-dynamic accounts including actors (“The 
tree makes it from all the different things that it uses.”) and enablers (“vitamins, 
water, air, light”). While Level 2 students understand that actors accomplish their 
purposes through hidden mechanisms (“photosynthesis”), they lump enablers into 
one group. To Dan, materials and “light” are lumped into a group of enablers 
required by the tree for growth. While he has acquired “glucose” as a new 
descriptive term, either he is confused about whether it is a form of matter or a 
form of energy, or he sees no need to differentiate between the two. 
 Principles-first pathway and explaining. Figure 4 also shows a “principles-
first” pathway focused on explaining (the dashed line). This pathway describes 
students who offer explanations using scientific principles even in instances when 
they do not have the detailed chemical knowledge and language to provide a full 
description. While we have examples of students who demonstrate explaining that 
is aligned with or exceeds their naming, this pattern is rare in our data. The 
transcript below shows an example of a middle school student, Ryan, who exhibits 
a pattern in which explaining is aligned with or exceeds naming. This student 
shows Level 3 on explaining and Levels 2 or 3 on naming. 
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Example 2: Principles-First Pathway 

Interviewer: You said sunlight, can you tell me a little bit about 
sunlight, how does it supply the tree with energy, do you know 
how it happens? 

Ryan: It comes in, obviously as a form of light energy, and that 
being a form of energy, it then converts through photosynthesis, it 
converts that to a form of energy that the tree can use.  

Interviewer: What form of energy is that? 

Ryan: Either kinetic or stored, I am not sure, probably more 
stored. 

Interviewer: Keep going. 

Ryan: And it would use kinetic for whatever growing it does at 
the moment, but it would probably use more stored energy to store 
it away for another time to use. 

Interviewer: Where does the tree store its energy? 

Ryan: It stores it mostly in the trunk, since that’s the largest area, 
but in all of the branches of it, in the form of starch. 

Interviewer: Do you think energy is stored in molecules?  

Ryan: No. 

Interviewer: You mentioned a form of starch, do you think starch 
is a molecule and do you think energy is stored in that? 

Ryan: It is. I am not sure how it’s stored in it. It might be with the 
molecule’s vibrations or something. I am not positive. 

Ryan has developed a story about energy transformations in plants that recognizes 
different forms of energy. Although he admits he does not know how starch stores 
energy, he does not default to the matter-energy conversions often observed among 
Level 2 and Level 3 students on the structure-first pathway. Ryan shows a commitment 
to conservation of energy without fully understanding the chemical nature of 
molecules; he does not use scientific terms that exceed the explanation provided. 
 As described earlier in the chapter, our goals for environmental science 
literacy include the conviction that model-based reasoning is necessary if 
students are to master scientific Discourse and to participate as environmentally 
literate citizens. While the principles-first pathway appears to be the exception to 
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the rule, it is our belief that this pathway has potential for supporting students in 
acquiring model-based reasoning. For this reason we use our learning 
progression framework, especially the principles-first pathway, to help design 
our instructional resources. 

DESIGNING INSTRUCTIONAL INTERVENTIONS 

Our approach to learning progression work and instructional interventions is 
notably different from other learning progression projects. Some learning 
progression researchers focus on defining a clear link between instruction and 
learning progression framework early in their design process and then develop 
instructional materials that have a very specific and carefully planned instructional 
sequence that is closely linked to progress from one level to the next (e.g., 
Schauble, 2009; Wiser & Smith, 2008; Wiser, Smith, Asbell-Clarke, & Doubler, 
2009). These projects document what is possible for students given a specific 
instructional context and what students are capable of doing in those environments. 
Learning progression frameworks developed within this perspective tend to focus 
on the boundaries of what could be, given the right set of curricula and support 
within a given context. 
 In contrast, we began our work by documenting what is happening in the 
instructional context of our schools today. We focused on developing learning 
progression frameworks and assessments that could capture the current reality 
of schools. We designed assessments that could be used to elicit responses from 
students of diverse ages, cultures, and social backgrounds (Jin & Anderson, this 
volume). We needed a learning progression framework and operational system 
for handling that diversity. We also devoted time to refining our learning 
progression framework based on what we had learned from those assessments. 
 Our data suggested that status quo teaching leads many students to achieve 
Level 3 reasoning on the structure-first pathway in which naming exceeds 
explaining. However, we thought that an alternative to this instructional 
approach—one that emphasized principle-based reasoning—would support 
students on the principles-first pathway and that this pathway would be more 
successful in helping students reach the Upper Anchor. We recognized the link 
between instruction and the learning progression framework was not tied to a 
specific instructional sequence but rather reflected a teacher’s general approach to 
conveying the importance of principle-based reasoning in a variety of contexts. 
Rather than using our teaching experiments to test the effectiveness of a sequenced 
set of activities, we chose to design a learning progression system and instructional 
intervention based on the following goals: 

• We wanted to help teachers recognize that scientific Discourse involves careful 
attention to principle-based explanations and to offer suggestions for how to 
make these principles more visible to students. 

• We wanted to make conservative changes to instruction that would improve 
student performance without making whole scale changes in curricula. 
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• We wanted the instructional interventions to span a large age range and to be 
useful to teachers and students in a variety of settings. 

• We wanted the instructional interventions to be flexible so that teachers could 
use our resources within the curriculum adopted by their district. 

 Given these goals, we focused on designing Tools for Reasoning that were 
closely linked to the learning progression framework. These tools had to capture 
important aspects of different processes, follow scientific principles, and ultimately 
help students construct explanations instead of focusing on names and school 
science narratives unconstrained by scientific principles. When working with a 
broad age span of students from diverse settings, this also meant generating tools 
that had continuity across the students’ ages and that could be used within different 
instructional and social contexts. 
 The matter and energy Process Tool is an example of a principle-based tool used 
in our instructional interventions (see Figures 5 and 6). It is designed to scaffold 
construction of scientific accounts of carbon-transforming processes. For students 
who have mastered scientific Discourse, the Process Tool can be used to trace 
matter and energy inputs and outputs. The accounts for the same process by 
students who have not mastered scientific Discourse will be very different. For 
example, Figure 5 shows a comparison account for both primary and scientific 
Discourses using the Process Tool. Students who reason with their primary 
Discourse describe needs or enablers (which may include materials, forms of 
energy, or conditions) that actors must have to accomplish their purposes. The 
results are usually not in material form; matter is simply allowed to appear or 
disappear without accounting for its conservation. Students who use their primary 
Discourse describe the end purpose or results accomplished by actors when they 
obtain the enablers they need. In contrast, students who use scientific Discourse 
distinguish inputs in terms of matter and energy for particular processes; the results 
of events are matter and energy outputs. Thus, in the scientific Discourse, there is a 
storyline about how matter and energy transform during a particular process. 
 For classroom use, we designed the Process Tool to help organize students’ 
accounts around the structure of scientific Discourse as shown in Figure 5. In using 
the Process Tool, students must choose from a given set of matter and energy 
inputs and outputs. Students are asked to identify the materials entering the system. 
Students are also asked to identify the energy entering the system. The students use 
labels to represent these matter and energy inputs. As with inputs, students must 
choose from the same set of labels in order to identify matter and energy outputs. 
Figure 6 shows an example of the Process Tool for plant growth, with a set of 
labels that students choose from. The matter labels in Figure 6 provide space for 
students to identify specific materials. 
 The Process Tool can be used to describe macroscopic events (e.g., match burning, 
plant growing, etc.), landscape-scale processes (e.g., primary production, food chains), 
and atomic-molecular scale chemical processes (e.g., combustion, photosynthesis). In 
elementary school the Process Tool can help students begin tracing matter and energy 
through systems (focusing particularly on distinguishing between different types of 
enablers and becoming more aware of gases as a form of matter). We believe middle 
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outputs changes as a result of moving up and down scales (e.g., food at the 
macroscopic scale may become carbohydrates, lipids, and proteins at the atomic-
molecular scale). The Process Tool is used in the classroom in three forms: as a 3x4 
poster with Velcro or magnetic tabs for matter and energy labels, in student activity 
pages, and in PowerPoint presentations the teacher uses in whole group instruction. 

LIMITATIONS TO OUR LINKS TO INSTRUCTION 

The naming and explaining dimensions have been particularly helpful in 
distinguishing between a structure-first pathway and a principles-first pathway. 
These pathways share the same anchor points, but transitional levels vary in 
fundamental ways. The structure-first pathway describes transitional levels for 
individuals whose ability to name systems and processes exceeds their ability to 
explain. The principles-first pathway describes transitional levels in which 
naming and explaining are aligned, or explaining exceeds naming. Differences 
between these pathways have informed our design of instructional resources, 
which relies on the principles-first pathway—a pathway that we believe will 
help students acquire the model-based reasoning necessary for environmental 
literacy. 
 We are currently analyzing data from our pilot teaching experiments to 
explore whether the use of Tools for Reasoning, such as the Matter and Energy 
Process Tool, appeared to influence student use of principle-based reasoning in 
their explanations. While we hope to find evidence of improved student 
learning, we are aware of important limitations in the materials that we are 
currently testing. 
 First, while our approach to instructional interventions includes what we refer to 
as “conservative” changes to instruction, we argue that these changes represent 
substantial shifts in pedagogy—shifts that place more responsibility on 
classroom teachers. While we provide teachers with some lesson plans and 
materials, our approach relies primarily on a set of tools—a learning progression 
framework, assessments, and Tools for Reasoning—with the expectation that 
teachers will determine how best to use these tools in their classroom. We still 
know little about the extent of professional development required to support 
teachers as active users of the type of learning progression system proposed by 
our work. 
 Similarly, for our instructional interventions to achieve real change for students, 
teachers must also make decisions about when and how to integrate Tools for 
Reasoning and other instructional resources into their existing curricula. Yet we 
still know little about the extent to which these tools must be integrated to achieve 
observable changes in student performance. Formative assessments would help 
teachers track student progress and would help them make immediate instructional 
decisions using the learning progression frameworks to inform these decisions. We 
feel that formative assessments we have developed thus far are limited and perhaps 
inadequate. In our proposed research we plan to make formative assessments more 
central to our learning progression system. 
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CONCLUSIONS 

In this chapter we have described our approaches to two core challenges that we 
face in defining learning progressions leading toward environmental science 
literacy: defining what progresses in a learning progression and defining alternate 
pathways linked to instruction. In addressing these challenges, we have developed 
a coordinated learning progression system that includes a learning progression 
framework, sets of validated assessments in several domains important to 
environmental literacy, and tools and instructional resources that can be used 
flexibly in the classroom. 
 An important feature of our learning progression frameworks, assessments, and 
tools is our focus on language and language use. We have grounded our learning 
progression frameworks in a Discourse perspective that focuses on how language 
both shapes and represents student reasoning. Language, which shapes the way 
students view the world, provides a clue to understanding how students reason 
about phenomena. This focus on language as both a shaper and a product of how 
students view the world has allowed us to develop learning progression 
frameworks that account for the sociocultural as well as cognitive aspects of 
learning across a broad range of students and across broad scientific domains 
necessary for environmental science literacy. 
 Furthermore, the focus on student language and practices helps us understand 
the pathways that students take through the learning progression from their primary 
Discourse to a secondary Discourse of scientific model-based reasoning. For the 
carbon cycle learning progression framework we recognize the key role that the 
principles—the hierarchy of systems at different scales and the conservation of 
matter and energy—play in scientific reasoning. We suggest on the basis of our 
research that these principles can be at the core of teaching that helps students take 
a “principles-first” pathway toward environmental science literacy that will be 
more effective than status quo teaching. We are currently testing the effectiveness 
of instructional interventions that support this alternate pathway; we look forward 
to learning more about their effectiveness. 
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NOTE 
1 We recognize that there is a large body of literature on communities and discourse in education and 

science education, in particular, and on the differences between students’ home communities and 
school (Heath, 1983; Lee & Fradd, 1998; O'Connor & Michaels, 1993). We acknowledge this 
literature. In this chapter we refer to specific characteristics of students’ language and the 
relationship between their use of language and how they make sense of the world. 
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JULIA D. PLUMMER 

CHALLENGES IN DEFINING AND VALIDATING AN 
ASTRONOMY LEARNING PROGRESSION 

This chapter focuses on challenges in developing and validating a learning progression 
in the domain of astronomy. These challenges are not unique to astronomy; 
consideration of them may be useful for researchers working in other areas. As an 
astronomy education researcher, I believe learning progression research has the 
potential to provide needed coherence and direction for the field. In general, astronomy 
education receives a small amount of instructional time (Plummer & Zahm, 2010). Yet 
current instruction in astronomy, as in other science disciplines, is often fragmented, 
focused on breadth rather than depth, and with a greater emphasis on inconsequential 
facts than on the discipline’s core (Kesidou & Roseman, 2002). This suggests that 
science teachers, in following this fragmented curriculum, may not take full advantage 
of the limited amount of time allocated to astronomy. In addition, the current research 
base lacks coherence across conceptual topics and has limited coverage of instructional 
interventions (for reviews, see Bailey & Slater, 2003; Lelliott & Rollnick, 2010). More 
work is needed to move astronomy education forward in ways that help teachers, as 
well as curriculum developers and assessment designers. 
 Through analysis of the logical structure of astronomy, review of relevant astronomy 
education literature, and consideration of learning progression research, I examine two 
areas necessary for defining a learning progression in astronomy: identifying the focus 
of the learning progression and obtaining empirical support for defining the learning 
progression, which includes validating the levels of increasing sophistication with 
respect to the targeted content. Within these two areas, I discuss the following six 
challenges that arose in defining a learning progression in the domain of astronomy. 

1. Identifying the learning progression focus: The first challenge is to determine 
what constitutes a “big idea” in the domain of astronomy. As explained below, I 
chose the big idea of celestial motion. This choice leads to the second challenge: 
developing sophistication in celestial motion is specifically tied to learning 
about a finite set of observable phenomena. These phenomena define the 
conceptual space for learning celestial motion and place a limit on the available 
contexts in which students can learn about this big idea. This constraint leads to 
the third challenge: defining the celestial motion learning progression in a way 
that values the importance of both understanding observations from an earth-
based perspective and learning the explanations for these observations. The 
fourth challenge deals with making adequate links to other big ideas and 
therefore other learning progressions. 
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2. Obtaining theoretical and empirical support for defining the learning 
progression: While some areas of astronomy education are well-explored in the 
research literature, many areas have not been extensively researched. This is the 
fifth challenge: examining the literature on how children learn across time and 
highlighting the potential research-based pathways in the celestial motion 
learning progression. The sixth challenge examines how to obtain further 
empirical evidence to begin the process of validating the hypothetical learning 
progression, given limited student knowledge of even the most basic concepts 
and limited inclusion of astronomy in the curriculum. 

In this chapter, I explain these challenges and propose solutions that may help the 
field of astronomy education move forward. The solutions proposed may also be 
applicable to other disciplines. 

IDENTIFYING THE LEARNING PROGRESSION FOCUS 

Identifying the focus for a learning progression includes articulating the big idea, a 
unifying concept that helps make sense of a broad variety of phenomena, 
situations, and problems. Big ideas have great explanatory power for the world 
(Smith, Wiser, Anderson, & Krajcik, 2006). Learning progressions describe how a 
learner may develop more sophisticated understandings of a big idea across time 
and through appropriate instruction (Smith et al., 2006). At one end of a learning 
progression is the upper anchor: the level of scientific understanding of the big idea 
as determined by societal goals for students. At the lower anchor of the learning 
progression is a description of children’s knowledge and reasoning ability as they 
enter school (National Research Council [NRC], 2007). In this section, I explain 
the challenges that arose in choosing celestial motion as a big idea in astronomy 
and in defining a learning progression for this big idea. 

Challenge #1: Identifying Big Ideas in Astronomy 

Choosing an appropriate big idea for the domain of astronomy is the first 
challenge discussed in this chapter, as the answer is not obvious or clearly 
agreed upon by astronomy education researchers. Big ideas are descriptions of 
powerful explanatory models that have the far-reaching ability to explain a 
broad range of observable phenomena (NRC, 2007). There are many possible 
big ideas for the development of learning progressions in astronomy. In addition 
to the general definition stated above, I add the following criteria for big ideas 
in astronomy: 

1. Big ideas are those that are important to the field of astronomy. Astronomy, as a 
science, is concerned with describing and explaining the universe as a whole. 
Thus big ideas in astronomy are those that represent ways of knowing and 
understanding the universe. 

2. Big ideas describe explanatory models that can be learned by beginning with a 
child’s observations of the world. This approach begins to capture the “increasing 
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in sophistication” criterion generally accepted in the definition of learning 
progressions (Corcoran, Mosher, & Rogat, 2009; NRC, 2007; Smith et al., 2006). 

3. Big ideas can explain multiple, unified astronomical phenomena such that learning 
to explain an individual phenomenon helps the learner build in sophistication 
toward the big idea and, thus, toward explanations of other phenomena. 

My research focuses on developing a learning progression for the big idea of “celestial 
motion.” The big idea of celestial motion can be described as an answer to the 
question: How do we explain our earth-based perspectives of astronomical 
phenomena using the actual motions and properties of celestial objects? Astronomical 
phenomena observed from an earth-based perspective (such as the patterns of apparent 
daily motion of celestial objects, seasonal changes, and the phases of the moon) can be 
explained using the earth’s rotation and tilt, the earth’s orbit around the sun, and the 
moon’s orbit around the earth (Plummer & Krajcik, 2010). 
 Ultimately, the big idea of celestial motion combines two concepts: motions of 
celestial objects and the observer’s movement between frames of reference in order 
to understand observable phenomena. The various phenomena explained by this big 
idea are not caused by the same underlying motions; however, explanations of 
these phenomena are unified by their reliance upon the motion of celestial objects. 
In this chapter, I use several terms to describe critical features of the big idea of 
celestial motion. An earth-based perspective is generally used to describe more than 
just a single observation of the sky; however, I use this term to describe the 
appearance of a particular celestial object viewed from the earth across time (such as 
the sun rising and setting or the changing phases of the moon). The earth-based 
perspective contrasts with the heliocentric model (also referred to as the explanatory 
motion) that explains our earth-based perspective by describing the actual rotation 
or revolution of celestial bodies in the solar system. These two perspectives are each 
frames of reference from which we may define our description of a phenomenon. In 
this section, I explain the choice of the big idea of celestial motion as the learning 
progression upper anchor and describe other possible big ideas in astronomy. 
 There were two steps in my selection and definition of this big idea. First, I 
consulted policy documents (American Association for the Advancement of 
Science [AAAS], 1993; NRC, 1996), research syntheses (Adams & Slater, 2000; 
Agan & Sneider, 2003; Bailey & Slater, 2003; Kavanagh, Agan, & Sneider, 2005), 
and considered the logical conceptual structure of the domain. I used these 
documents and research studies for a consideration of the logical, conceptual 
structure of the domain. Second, I chose an explanatory model that provides 
coherence among the aspects of astronomy that are initially accessible (through 
personal and cultural experience) by young children. Specifically, the following 
topics are part of the same big idea of applying the motion of celestial objects to 
explain observations from an earth-based perspective: daily patterns in the apparent 
motion of the sun, moon, and stars; lunar phases; yearly patterns in the motion of 
the sun and stars; the reason for the seasons; and the motions of other solar system 
objects, such as the planets.1 Understanding these apparent patterns of motion also 
requires understanding the earth’s shape as well as its size and distance from other 
objects, both within the solar system and beyond (e.g., the earth’s distance to the 
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stars). These topics that relate to the big idea of celestial motion form the 
foundation of the major concepts of astronomy in the K-8 astronomy curricula 
(AAAS, 2001; NRC, 1996; Palen & Proctor, 2006). 
 One goal of developing learning progressions in science is to deepen the focus of 
science education on central concepts rather than on topical and inconsequential 
ideas. By focusing on celestial motion as an overarching big idea we take the focus 
off individual phenomena (e.g., day/night cycle, phases of the moon, seasons) and 
place more emphasis on connecting observations to underlying explanatory motions 
across multiple contexts. The expectation is that we will provide a more unified, 
integrated understanding of motion in the solar system. While not having the status 
of a universal theory, such as the Big Bang theory or the Universal Theory of 
Gravitation, celestial motion fits the criteria for big ideas in that it provides 
organization across a range of concepts in the domain and offers explanatory 
power with respect to a wide range of phenomena. Celestial motion also provides a 
useful framework to organize children's initial explorations in astronomy at a level 
that is accessible to them. Children have beliefs and personal observations about the 
appearance and apparent motion of the sun, moon, and stars (e.g., Plummer, 2009a; 
Vosniadou & Brewer, 1994). The big idea of celestial motion also focuses on a 
specific way of knowing that is important in astronomy: making observations of 
phenomena and then interpreting them in light of potential, unobserved motions. 
The concepts of rotation and revolution, which explain phenomena beyond the solar 
system, thus create a foundation for discussing advanced topics in astrophysics (e.g., 
binary stars, extrasolar planets, clusters of galaxies, and pulsars). 
 However, celestial motion is not the only big idea that could be selected. Other 
researchers have proposed alternative big ideas for astronomy. In their review of the 
Project 2061 science standards (AAAS, 2001), Lelliott and Rollnick (2010) propose 
eight big ideas: gravity, the solar system, stars, size and distance, earth shape, the 
day/night cycle, the seasons, and the earth/sun/moon system. They propose these eight 
big ideas because they are concepts often taught in school and have been subjects of 
extensive, ongoing educational research. Nevertheless, while clearly drawn from 
standards and the literature, these concepts do not help us see how students build in 
sophistication across the domain. Gravity is certainly a big idea, offering broad 
explanatory power for an extensive array of phenomena. However, the other seven 
proposed big ideas are topics rather than explanatory models. They do not offer useful 
ways of understanding the world and do not provide coherence for the learner. 
 Slater and Slater (2009) use existing standards and the expertise of astronomers 
and astronomy educators to create a list of 11 broad categories in astronomy that 
they link to the overarching big idea of the Big Bang theory. These 11 categories 
are: moon phases, daily/diurnal patterns, yearly patterns, size and scale, seasons, 
evolution and structure of planetary systems, stars and stellar evolution, formation 
of the universe, formation of elements, electromagnetic radiation, and gravity. 
While the Big Bang theory is undeniably an overarching and extremely important 
theory in science, a smaller grain-size big idea is needed to inform curriculum and 
standards that are useful in K-12 schooling. Ultimately, understanding how these 
concepts link to the Big Bang theory may be a goal in astronomy education. Thus, 
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instead of beginning with the Big Bang theory as a big idea for a learning 
progression, we might view those categories that build in sophistication across 
multiple years (such as electromagnetic radiation, gravity, and perhaps stellar 
evolution) as potential big ideas that are a better fit to the big idea criteria stated 
above. Furthermore, four of Slater and Slater’s categories are part of celestial 
motion (moon phases, diurnal patterns, yearly patterns, and seasons). Thus, I 
suggest that increasing in sophistication in celestial motion is a potential step 
towards the big idea of the Big Bang theory. 

Challenge #2: Balancing the Variety of Phenomena Within the Big Idea 

Within the commonly used definitions of learning progressions, learning performances 
represent the ways in which students may express understanding of the big idea at 
different levels of sophistication (Corcoran et al., 2009; NRC, 2007; Smith et al., 2006). 
Defining learning performances may be constrained by the nature of phenomena 
appropriate for the progression. In Smith et al.’s (2006) K-8 atomic molecular theory 
learning progression, learning performances are largely unconstrained by particular 
phenomena; students may learn about materials and properties of a wide range of 
objects in nearly any context. Similarly, Duncan, Rogat, and Yarden (2009) developed 
learning performances for a genetics learning progression that addresses a wide range 
of phenomena explained by the function of proteins in living organisms. 
 In contrast, there is a finite set of observable phenomena in celestial motion. These 
phenomena include the day/night cycle, daily observable patterns of rising and setting, 
the phases of the moon, eclipses, seasonal and latitudinal changes associated with 
changes in the sun’s path, and seasonal star patterns. Other potential phenomena are 
the tides and retrograde motions of the planets. For example, explaining the 
relationship between the earth’s rotation and our earth-based observations is limited to 
an understanding of the apparent motions of the sun, moon, and stars. Thus learning 
performances related to the effects of the moon’s orbital motion are limited by our 
understanding of the earth-moon system. In addition, each phenomenon is coupled 
with a distinct set of explanatory motions rather than a single underlying explanation, 
as is the case for the genetics and molecular theory learning progressions. 
 Therefore, the second challenge in defining the celestial motion learning 
progression has to do with specifying the learning performances for celestial 
motion. This step requires exploring how each specific, finite context contributes to 
the overall model of observation and motion in the solar system (see Table 1). This 
method contrasts with the use of numerous phenomena to help the learner 
generalize the big idea across contexts, as occurs in learning progression research 
in other domains. If we focus too much on celestial motion as a generalized 
concept (e.g., “rotation and revolution in the solar system explain observable 
phenomena”), we lose the focus on how students learn to explain individual 
phenomena. If students are to use the underlying conceptual model to generate 
explanations, they must begin with something more concrete than generalized 
knowledge of rotation and revolution. Their knowledge of celestial motion should 
begin with instruction that is highly contextualized in familiar, observable 
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phenomena. We hope that, through appropriate instruction, students will eventually 
reach a broader and more inter-connected view of celestial motion. 
 Increasing explanatory sophistication, from the lower anchor to the upper anchor 
of the learning progression for celestial motion, may mean that students have to learn 
to work with different time scales and combinations of motion as they explain more 
complicated phenomena. In some cases, this may mean learning to explain the same 
phenomena with greater sophistication. For example, students may learn initially that 
the moon rises and sets once every 24-hour period because of the earth’s rotation. 
Later they may learn that the moon appears to rise and set about 50 minutes later 
every day because of its monthly orbit. The increase in explanatory sophistication 
depends on their knowledge of additional time scales and new motions. In other 
situations, students may apply concepts they learned about one phenomenon (e.g., 
explaining sunrise and sunset by the earth’s rotation) using a more sophisticated 
explanation (e.g., including the earth’s rotation in an explanation of the seasons). 
 The learning progression for celestial motion uses the explanatory motions of 
celestial objects as its backbone, to provide the coherence necessary in learning 
progression research. At the same time, clear connections are made to observable 
phenomena to acknowledge the central importance of specific phenomena associated 
with the domain. Table 1 shows how these underlying motions (e.g., the earth’s 
rotation and orbit) can be combined to explain earth-based, observable phenomena. 

Table 1. An Exploration of the Role of Heliocentric Motions in a Learning Progression for 
Celestial Motion. 

Object-motion Relevant phenomena 
Earth-rotation Day/night cycle; Daily apparent motion of sun, moon, 

stars, etc. 
Earth-rotation + Moon-orbit Lunar phases 

Earth-rotation + Moon-orbit + 
Earth-orbit 

Eclipses 

Earth-rotation + Earth-orbit + 
Planet-orbit 

Apparent motion of planets and retrograde motion 

Earth-rotation + Spherical Eartha Difference in visible constellations with latitude and 
circumpolar constellations 

Earth-rotation + Earth-orbit  Seasonal stars 
Earth-rotation + Spherical Eartha 
+ Earth-tilt + Earth-orbit 

Change in sun’s path across the earth’s surface and the 
seasons to explain the seasons 

a The concept of a spherical earth is not a motion, as are rotation and orbit. However, our 
own motion across the spherical surface of the earth causes, for example, the visibility of 
constellations and differences in seasonal change. 

Table 1 is not a learning progression for celestial motion in that it does not show a 
direct progression from naïve ideas, through increasingly sophisticated ideas, to the 
big idea. Table 1 presents aspects of the overall scientific model but does not tell us 
how concepts build on each other. For example, the phases of the moon may be 
best taught after students understand the day/night cycle (at its simplest, why we 
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see the sun in the day and not at night). Does this teaching sequence mean 
understanding the phases of the moon requires a greater sophistication level of 
understanding than that needed for the day/night cycle? 
 The underlying conceptual model that explains the phases of the moon is 
more complex than that for the day/night cycle because an understanding of the 
phases of the moon requires an understanding of the earth’s rotation and the 
moon’s orbit. However, the day/night cycle is also part of a larger phenomenon: 
the appearance of the daily motion of celestial objects to an observer on earth is 
caused by the earth’s rotation (e.g., the sun, moon, stars, and planets). This more 
detailed explanation of the effects of the earth’s rotation, which is another 
conceptual area, is unnecessary for an understanding of the phases of the moon. 
Students could learn to explain the phases of the moon independent of learning to 
explain the stars’ daily apparent celestial motion. Understanding the phases of the 
moon requires understanding how the earth’s rotation explains our daily 
observations of the sun and moon. Therefore, the concept of the phases of the 
moon builds on the day/night cycle level of understanding but does not require 
knowledge of other aspects of daily celestial motion. Explaining the lunar 
phases also requires knowledge of how the moon’s orbit affects our 
observations, making understanding the phases of the moon more than just a 
more sophisticated way of understanding the day/night cycle. 
 Wilson’s (2009) proposal to build learning progressions from sets of construct 
maps may be a way to address these complexities around the big idea of celestial 
motion. Each construct map, highlighting a separate astronomical phenomenon, would 
allow us to focus on a single set of earth-based observations and their associated 
explanatory motions (e.g., daily apparent celestial motion and the rotation of the 
earth). Construct maps can be stacked or aligned to create a learning progression that 
leads to a single big idea that students may reach with appropriate instruction. Figure 1 
shows a potential mapping of individual construct maps connected within a single 
learning progression for celestial motion, including earth-based observable 
phenomena and associated explanations in the heliocentric frame of reference. This 
mapping includes earth-based observable phenomena and associated explanations in 
the heliocentric frame of reference. The explanatory motions for each phenomenon 
(descriptions of actual motions in the solar system) are on the left side of the figure. 
Some explanatory motions of celestial objects correspond to multiple phenomena 
(and, thus, to multiple construct maps), such as the earth’s rotation and orbit. This is 
shown by the grey shaded bands in Figure 1. Other explanatory motions, such as the 
orbits of the moon and the planets, only appear in a single construct map. 
 Figure 1, which is a rough sketch of the construct map layout and not a completely 
articulated or validated learning progression, does not show the intermediate levels or 
all the necessary links between the construct maps. However, Figure 1 provides a 
potential structure for future research. The height difference of the columns may 
represent the difficulty differences in achieving a scientific understanding of that 
construct. For example, it seems likely that learning to explain the seasons is more 
difficult than learning to explain the phases of the moon. However, there is limited 
empirical data that validates this hypothesis. 
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Challenge #3: Accounting for Both the Earth-Based Perspective (Observable 
Phenomena) and the Heliocentric Model (Explanatory Motion) 

A third challenge arises as we consider the importance of both the observational 
phenomena in the earth-based frame of reference and the underlying explanatory 
motion in the heliocentric frame of reference. Merely understanding that the earth 
rotates, that the moon orbits, that the earth orbits the sun, that the earth is tilted, etc. is 
not enough to use these motions to explain earth-based observations. For example, 
elementary students may be able to state that the earth rotates and may demonstrate that 
concept with a model. However, when asked to explain why the sun rises and sets, they 
do not use the earth’s rotation in their explanations (Plummer, Wasko, & Slagle, 2011). 
Thus additional attention must be paid to how students describe observable phenomena 
and understand the connection between that phenomena and the underlying explanatory 
motion. In building a learning progression for celestial motion, we must decide how to 
evaluate students’ understanding of the apparent celestial motion. For example, 
consider a student who describes the sun as rising and setting in the same place on the 
horizon but explains this with an accurate description of the earth’s rotation. His 
description of the earth-based perspective suggests that he is not reasoning between the 
frames of reference. Is his answer more sophisticated than one that includes an accurate 
description of the sun rising and setting in a smooth arc from east to west across the sky 
but an explanation that the earth rotates twice a day? Each child has a piece of the 
scientific model, but neither has a sophisticated understanding of the consequence of 
the earth’s 24-hour rotation on our observations of the sun. 
 These examples suggest that development of a celestial motion learning 
progression will need to describe increasing sophistication of both descriptions of 
earth-based observable phenomena and explanations for those motions. My 
colleagues and I have studied the developing sophistication of children along a 
portion of the learning progression: the daily celestial motion construct map (the 
leftmost construct map in Figure 1; Plummer et al., 2011). Consistent with the 
design of other learning progressions, the daily celestial motion construct map (see 
Table 2) is anchored by a naïve understanding at one end and the full scientific 
understanding across both frames of reference at the other end. The construct map is 
organized on two dimensions. First, I organized students’ ideas by their explanation 
(for example, do they use the earth’s rotation or a non-normative explanation for the 
sun’s rising and setting?). Within those groups, I organized the levels according to 
the accuracy of their descriptions of the apparent motion. In doing so, this construct 
map goes beyond the simple overview provided in Figure 1. 
 Each row in Table 2 describes a level of the construct map and represents progress 
along the construct, increasing in sophistication from bottom to top.2 The left column 
is an overview of the construct map level. The middle column identifies the ways 
students might describe the earth-based observation at that level. The right column 
describes how students explain the earth-based observations at that level. An increase 
in sophistication results when students pair accurate descriptions with accurate 
explanations, showing that they link the two frames of reference. Students at lower 
levels do not make accurate connections between the frames of reference, but they 
have adopted aspects of the scientific concept. For example, a non-scientific 
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description of the earth’s rotation is an advance in sophistication over a belief that the 
sun orbits the earth (a more naïve perspective). 

Table 2. Construct Map for Daily Celestial Motion. 

Levels of the Construct Map Earth-based observed 
motions 

Explanation for 
observed motions 

Scientific daily celestial motion: 
Students at the scientific level use the 
earth’s rotation to explain all earth-
based observed patterns of daily 
celestial motion. [NOTE: This level 
connects, as pre-requisite knowledge, 
to the phases the moon and patterns 
of the stars’ motion construct maps.] 

Students give an accurate 
description of the sun, 
moon, and stars’ apparent 
daily motion by describing 
all as rising and setting in 
the same direction. 

Students use the earth’s 
rotation to explain all 
apparent daily motion.  

Upper synthetic: Students use the 
earth’s rotation to explain that the 
sun appears to rise and set across 
the sky. However, students do not 
extend this explanation to both the 
moon and stars.  

All students in upper 
synthetic give a scientific 
description for the 
apparent motion of the 
sun. Within this level, 
there are students who 
may also give the 
scientific description for 
the moon and stars’ 
apparent motion as well. 

Students accurately 
describe the earth’s 
rotation. Students may 
use the earth’s rotation 
to explain only the 
sun’s apparent motion 
or they may also 
explain the moon or 
stars’ apparent motion 
accurately.  

Lower synthetic: Students believe 
that the sun is stationary and that 
the earth is moving. Students’ 
descriptions and explanations for 
the moon and stars’ apparent 
motion are likely to retain the 
inaccuracies of the naïve 
perspective; this level is primarily 
determined by how the students 
explain the sun’s apparent motion. 
There may be limited coherence 
between the actual motion of the 
earth and apparent patterns of 
motion of other celestial objects. 

The apparent motion of the 
sun, moon, and stars may 
or may not be accurately 
described 

Explanation for sun’s 
apparent motion 
includes less 
sophisticated ideas 
(e.g., the earth orbits 
the sun once a day) and 
more sophisticated 
ideas (e.g., using the 
earth’s rotation in 
combination with other 
inaccurate 
explanations).  

Naïve: This level represents where 
most students enter elementary 
school. Students at this level 
believe that the earth-based patterns 
of motion (or lack of motion) are 
due to the objects’ actual motion 
(or lack of motion). 

Some students may be able 
to provide relatively 
accurate descriptions of 
the sun and moon’s 
apparent motion while 
others provide only non-
scientific descriptions. 
Most students believe that 
the stars do not move or 
only move at the end of 
the night. 

Explanations use the 
sun, moon, and stars’ 
actual motion. 
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Challenge #4: Making Links to Other Learning Progressions 

A fourth challenge in designing a meaningful learning progression arises in the 
consideration of students’ understanding of related concepts necessary for full 
understanding of the targeted content and how these related concepts fit within a 
learning progression framework. Connections between big ideas should be made 
explicit as we move forward so that learning progressions are useful to curriculum 
developers, assessment designers, and policy makers. A major criticism of K-12 
school instruction is that students are not forming deep and rich connections across 
science topics (Corcoran et al., 2009; Kesidou & Roseman, 2002; Schmidt, 
McKnight, & Raizen, 1997). The ability to draw connections within and between 
such topics distinguishes a novice from an expert; integrated knowledge permits 
flexible retrieval of information that can be used in problem solving situations 
(NRC, 1999). 
 Understanding the big idea of celestial motion requires understanding related 
big ideas. Several areas associated with the big idea of celestial motion could be 
developed as separate learning progressions. These areas include size and scale, 
light and energy, spatial reasoning, and scientific modeling (scientific modeling 
appears in a learning progression developed by Schwarz, Reiser, Acher, 
Kenyon, & Fortus, this volume). At lower levels, understanding the size of and 
distance to celestial objects is important for learning about daily celestial 
motion. The progress from a naïve perspective (the sun and moon move around 
the stationary earth while the stars stay still) to the scientific perspective (the 
earth rotates once a day causing the relatively stationary sun and stars and the 
slow-moving moon to appear to rise and set) is assisted when students learn that 
the sun is very far from the earth, the sun is very large compared to the earth, 
and the stars are similarly large but much farther away. The moon’s size and 
distance from the earth also become useful in understanding why the moon 
slowly orbits the earth and contributes to understanding the difference between 
phases of the moon and eclipses. Understanding the properties of light is 
important as students progress to more advanced topics in astronomy. For 
example, understanding the phases of the moon requires that students 
understand that the moon is lit by sunlight, reflected off the moon’s surface, that 
then travels in a straight line to our eyes. Examples such as these demonstrate 
that building sophistication in astronomy means that students are learning to 
apply more sophisticated concepts of celestial motion to observable phenomena 
and to make connections to other concepts. 
 Ultimately, moving toward more sophisticated levels of astronomy than are 
depicted in the five construct maps (see Figure 1) involves integration with big 
ideas in physics, such as gravity. For example, the celestial motion learning 
progression leads to explanations of earth-based observations of the apparent 
motions of the sun, moon, stars, and planets; explaining why the planets and moon 
orbit in the ways that they do, as well as how those orbits first began (the formation 
of the solar system) requires the use of gravitational theory. These explanations 
require an understanding of gravitational theory. If learning progressions are 
developed using structures similar to those used in the interconnected construct 
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maps approach (Wilson, 2009), then perhaps making links between learning 
progressions is a process of finding alignments between segments of the concept 
maps that make up larger learning progressions. 

OBTAINING THEORETICAL AND EMPIRICAL SUPPORT FOR DEFINING THE 
LEARNING PROGRESSION 

Learning progressions are not natural or developmental progressions of 
understanding; they describe what may be attained through appropriate instruction. 
After unpacking the concepts through a domain analysis, development of a 
learning progression relies on the potentially productive pathways that research 
identifies between naïve and scientific levels of understanding. We can draw on the 
literature that describes students’ alternative conceptions about celestial motion to 
help define the entry points—what students believe as they enter school. These 
beliefs are the lower anchor of the learning progression. Cross-sectional research 
may tell us about likely progressions of concepts based on traditional instruction. 
To advance further, design-based research is needed to test these potential 
pathways that result from instruction designed to support students’ movement 
along the progression. This research may allow us to identify productive 
instructional sequences that move students toward the upper anchor. By examining 
the existing literature, we can uncover the ways in which that literature can help us 
hypothesize about productive sequences and where additional research is needed to 
provide a comprehensive, multi-year understanding of what progress towards the 
big idea might look like. 
 In this section, I discuss the challenges presented by limits of the existing 
literature base in celestial motion and my research group’s attempts to extend the 
research in these areas. This discussion addresses the challenges researchers face in 
investigating how students may reach the upper level of sophistication of the 
learning progression for celestial motion given the limited place of astronomy in 
school science curricula and upper level students’ lack of foundational knowledge 
of astronomy. 

Challenge #5: Using the Existing Literature Base 

In this section, I review the literature that addresses students’ naïve scientific 
understanding when they begin formal instruction on astronomy. I also examine 
the potential research-based pathways along the construct maps in the celestial 
motion learning progression. This discussion also highlights areas where additional 
research is needed to overcome challenges in defining a hypothetical learning 
progression using the current literature base. 
 Extensive research has been conducted on children’s naïve beliefs as they begin 
school, especially concerning the shape of the earth and the reason for the 
day/night cycle (see the review by Lelliott & Rollnick, 2010). For example, several 
researchers have described and refined a developmental progression for the earth’s 
shape and its role in children’s personal cosmologies. This progression begins with 
the commonly held belief that the earth is flat and objects fall “down” toward some 
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nonphysical cosmic “bottom” (e.g., Nussbaum & Novak, 1976; Nussbaum & 
Sharoni-Dagan, 1983; Sneider & Pulos, 1983; Vosniadou & Brewer, 1992). 
Research on children’s explanations of the day/night cycle demonstrates that 
children begin school believing day and night are caused by the sun’s actual 
motion or objects blocking the sun (Samarapungavan, Vosniadou, & Brewer, 1996; 
Vosniadou & Brewer, 1994). Research on the phases of the moon suggests that 
many early elementary students believe that clouds cause the phases of the moon 
while older students commonly believe the earth’s shadow causes the phases of the 
moon (Baxter, 1989). Literature on students’ conceptions has also examined 
various topics associated with celestial motion, such as the aspects of the seasons 
(e.g., Baxter, 1989), the solar system (e.g., Sharp, 1996), and the nature of the stars 
(e.g., Agan, 2004). This research on students’ early cognition in astronomy helps 
us understand the lower levels of the learning progression on celestial motion; 
however, validating a learning progression that includes the upper levels of 
sophistication requires understanding the role of targeted instruction in developing 
student understanding. 
 In astronomy education, research on the impact of instruction is limited in its 
scope (Bailey & Slater, 2003). Most astronomy education research focuses on 
students’ and teachers’ knowledge of concepts and their mental models (Lelliott 
& Rollnick, 2010); there are few longitudinal studies and little focus on the 
effect of instruction or on the connections between learning various 
astronomical concepts and building concepts over time. The research is also 
often limited by its focus on single concepts rather a focus on students’ 
development of an integrated understanding of astronomical phenomena. While 
there has been more research on astronomy instruction in recent years 
(Kavanagh, 2007), much more is needed. 
 Despite these limitations, astronomy education research provides some 
evidence on how students learn the phases of the moon and the seasons. This 
research can be used to inform development of a learning progression for 
celestial motion. While learning to describe the observable pattern of the phases 
of the moon is relatively straightforward for children, using the relative 
positions and movements in the sun-earth-moon system to explain these phases 
is challenging for learners of all ages (Lelliott & Rollnick, 2010). Early 
elementary students can learn to describe and illustrate the phases of the moon; 
there is no indication that specific pre-requisite knowledge is needed for 
learning this pattern (Hobson, Trundle, & Sackes, 2010; Trundle, Atwood, & 
Christopher, 2007). In a study of students in a New Zealand intermediate 
school, Taylor, Barker, and Jones (2003) describe instruction designed to 
promote the development of a scientific mental model of the sun-earth-moon 
system by allowing students to offer their own prior knowledge and then to 
critique the teacher’s use of a physical model. While 90% of the students could 
accurately describe the orbital motion of the moon and earth, only 15% could 
accurately explain the phases of the moon. This finding suggests that lunar 
phases are sufficiently challenging that an awareness of the actual motions (such 
as the earth’s rotation and the moon’s orbit) does not necessarily lead students 
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to construct a scientific explanation by themselves or with minimal instruction. 
Other studies suggest that increased sophistication in explanations for lunar 
phases requires support in describing the observable pattern of change in the 
phases followed by instruction that directly engages students in generating 
explanations, using either physical models or computer simulations (Barnett & 
Morran, 2002; Trundle et al., 2007; Trundle, Atwood, Christopher, & Sackes, 
2010). However, research has not yet shown how an understanding of the 
earth’s rotation or of the size and scale of the sun-earth-moon system affects 
students’ ability to explain the phases of the moon. 
 Seasonal change is another key phenomenon of celestial motion. Extensive 
research has demonstrated that most people cannot accurately explain the 
seasons; the most common non-normative explanations are that the earth is 
moving closer to and farther from the sun (e.g., Atwood & Atwood, 1996; 
Baxter, 1989; Kikas, 1998; Schoon, 1995; Sharp, 1996). In addition, a lack of 
understanding that the sun’s apparent daily path changes across the seasons 
(Plummer, 2009a) and a non-normative belief that the earth’s orbit is highly 
elliptical (Kikas, 1998; Schneps & Sadler, 1988) contribute to the difficulty that 
children have in learning to explain the seasons. Recent studies have 
documented successful instructional approaches for teaching the explanations 
for the seasons (Hsu, 2008; Slater, Morrow, & Slater, 2008; Tsai & Chang, 
2005). However, these studies present a limited explanation of how students 
understand the seasons from both an earth-based perspective and a heliocentric 
perspective. They also do not address how prerequisite knowledge might 
influence students’ learning of this challenging concept or how understanding 
this concept might be influenced by other aspects of the celestial motion  
big idea. 
 While a significant amount of research has explored instruction related to the 
seasons and the phases of the moon, research on instruction related to other 
phenomena associated with celestial motion is relatively limited. Only a few 
studies have analyzed children’s knowledge of the motions of the solar system 
as a whole (e.g., Sharp, 1996; Treagust & Smith, 1989). Sharp and Kuerbis’s 
(2005) study is perhaps the only study that investigates instruction on motion in 
the solar system. Their study reveals that students showed improvement in 
describing the motions of the planets in the solar system. However, these 
students were not assessed on how they used the actual motions to explain 
observable phenomena. Research on the effect of instruction related to the 
apparent motion of the stars, as well as their size and distance, is also limited. A 
few studies have examined children’s explanations of the daily motion of the 
stars (Baxter & Preece, 2000; Dove, 2002), but there is not much research that 
describes how students learn to explain more advanced aspects of the stars’ 
apparent motion, such as seasonal changes or how apparent motion changes 
based on one’s location on earth. 
 Understanding and using celestial motion requires students’ use of spatial 
abilities: mental rotation, spatial perception, and spatial visualization (Black, 
2005; Linn & Petersen, 1985; Wilhelm, 2009). Although a few researchers have 
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begun to investigate the importance of spatial reasoning in instructional-based 
studies of celestial motion (Sherrod & Wilhelm, 2009; Wilhelm, 2009), much 
remains to be done as this research only addresses the phases of the moon. In 
addition, as mentioned above, a major concept embedded in learning about 
celestial motion is size and scale. While several studies have investigated 
students’ ability to make comparisons of relative sizes and distances of celestial 
objects (e.g., Agan, 2004; Bakas & Mikropoulos, 2003; Sharp, 1996), few studies 
have reported on attempts to teach astronomical size and scale and to build on 
these concepts for the understanding of celestial motion. One exception is a study 
examining the “Powers of Ten” video (http://powersof10.com) that has been 
shown to increase the accuracy of students’ use of relative size and to improve 
their ability to match objects to their actual metric sizes (Jones, Taylor, Minogue 
et al., 2006). 
 These and other studies in astronomy education research focus primarily on 
the individual features of the celestial motion conceptual domain rather than on 
students’ understanding across multiple aspects. Few studies include longitudinal 
data that would allow us to investigate improvement in these connections across 
time (Briggs, Alonzo, Schwab, & Wilson, 2006). These connections across the 
associated phenomena are needed to define and validate the learning progression 
in such a way that the process is more than an unpacking of the domain. 
Furthermore, understanding how and why students develop in sophistication 
along and between the construct maps will require a description of successful 
instructional practices. There is little research that shows the pathways from 
children’s initial understanding of apparent celestial motion to a fully articulated 
model of celestial motion. In addition, there is limited research on instruction 
that helps students connect earth-based descriptions of phenomena to explanatory 
motions. Children are rarely asked to compare different frames of reference; 
when observable phenomena are addressed in research on instruction, studies 
seldom address how students use celestial motion to predict and explain 
observations. Because of the limited research on using instruction to develop 
integrated knowledge of celestial motion phenomena, the design and validation 
of this learning progression requires multiple studies across many grade levels 
and instructional conditions. 

MOVING THE AGENDA FORWARD WITH LEARNING PROGRESSION RESEARCH 

My colleagues and I have begun to conduct research that fills in a few of the gaps 
in the literature on celestial motion in order to move towards a more 
comprehensive learning progression. Our specific goals are to investigate (a) how 
students learn to move between frames of reference, (b) how instruction can 
support students in building in sophistication upwards with respect to the 
progression, and (c) how instruction supports connections across constructs 
(between phenomena) within the progression. Next I describe two studies we used 
to define levels for the daily celestial motion and the seasons construct maps within 
the celestial motion big idea. 
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Daily Celestial Motion 

Because of the limited research on children’s ability to describe observed 
phenomena from the earth-based perspective, we designed the first set of studies to 
improve our understanding of children’s descriptions of the apparent motion of 
celestial objects (Plummer, 2009a, 2009b; Plummer & Krajcik, 2010). These 
studies were undertaken (a) to provide a portion of the lower anchor for the 
learning progression, (b) to offer cross-sectional data to illuminate the ways in 
which traditional instruction and experiences with the world influence students’ 
initial ideas, and (c) to investigate the effect of a targeted intervention on students’ 
understanding of the earth-based perspective. 
 Learning to describe celestial motion from an earth-based perspective is just the 
first step in improving understanding of the big idea. Sophistication increases as 
students learn to explain their observations in the earth-based frame of reference 
with the actual motions of celestial objects (Plummer et al., 2011). To understand 
daily celestial motion from both frames of reference, we hypothesize that children 
need (a) to experience visual and/or kinesthetic descriptions of the apparent 
patterns that are then explicitly connected to explanations that use the earth’s 
rotation and (b) to confront the common, non-normative understanding of the 
moon’s orbit to explain the moon’s daily apparent motion. Building on these ideas, 
we used a design-based approach (Collins, Joseph, & Bielaczyc, 2004) for 
instruction that supports children in moving between frames of reference. We 
started with a small group of gifted third graders in a pilot study (N=16; Plummer 
et al., 2011). The results support our hypothesis that movement along the construct 
map can be accomplished by instruction that combines visual and kinesthetic 
instruction with the previously described methods for learning the apparent 
motions (Plummer, 2009b). 
 Building on these results, we have begun to analyze the results of integrating 
these strategies into the regular third grade astronomy curriculum in a suburban 
school district (N = 99; Plummer, Kocareli, & Slagle, 2010). To understand the 
nature of student improvement with instruction, we analyzed outcomes of four 
instructional conditions that varied in the level and type of instructional support for 
students. Our analysis of children’s improvement in the four conditions suggests 
that children who experience instruction that focuses primarily on heliocentric 
motions (e.g., rotation of the earth and orbit of the moon) show limited 
improvement in their understanding of the earth-based frame of reference; 
similarly, a sole focus on the earth-based perspective does not allow students to 
automatically connect those observations to the earth’s rotation. We analyzed how 
students’ understandings changed and improved based on the instructional 
conditions. We examined frequencies in the transitions student made from pre- to 
post-instruction in order to identify aspects of daily celestial motion that appeared 
necessary for more sophisticated levels of understanding. This analysis supported 
our hypothesis that understanding how the earth’s rotation explains the sun’s 
apparent motion is an important intermediate level in the progress toward more 
sophisticated understandings, such as explaining the apparent celestial motion of 
the moon and the stars. 
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 Our next step in defining and validating the learning progression is to look for 
the ways that students combine aspects of celestial motion in their explanations of 
more advanced phenomena (looking both horizontally and vertically in the learning 
progression in Figure 1). The construct map for daily celestial motion (Table 2) 
describes increasing sophistication in the use of the earth’s rotation to explain 
observable phenomena. This daily celestial motion construct map connects to the 
other construct maps in the learning progression because the earth’s rotation is  
part of the explanation of other phenomena. However, a full understanding of daily 
celestial motion is not a precursor to the other constructs; rather, aspects of daily 
celestial motion link to the other construct maps as prerequisite knowledge.  
Figure 2 shows these links between the daily celestial motion construct map and 
the other celestial motion construct maps. For example, a full understanding of 
lunar phases and eclipses includes understanding how the earth’s rotation causes 
the moon’s daily pattern of motion. This understanding is necessary for explaining 
the correlation between the moon’s appearance and the times of its rising and 
setting. Understanding the daily celestial motion of the moon also helps students 
distinguish between the scientific explanation of the lunar phases and a common 
misconception that they are caused by the earth’s rotation (Trundle et al., 2010). In 
our continued analysis, we will investigate this connection in terms of the patterns 
of improvement observed in the third grade student data. 

Reason for the Seasons 

Building on our understanding of how children learn to explain daily celestial 
motion, we have also begun to investigate older students’ explanations of how 
patterns in the sun’s apparent motion cause the seasons (Plummer & Maynard, 
2012). Our research examines eighth grade students learning both patterns 
associated with an earth-based perspective and the explanations for those patterns. 
Using a Rasch modeling approach, we identified a potential ordering of concepts 
relating to the seasons, from least difficult to most difficult. Based on this 
quantitative analysis, we identified a set of levels describing increases in 
sophistication that define a construct map for the seasons. We further refined the 
construct map using the tentative levels from the Rasch analysis as a tool to 
classify specific students’ knowledge. To do so, we examined how higher levels of 
the construct map build on previous levels using a Guttman scale approach 
(assuming that understandings at a given level include those in the previous levels). 
Using their responses to the assessment, we assigned the students to the identified 
levels using the Rasch analysis. The analysis revealed that students may reach 
intermediate levels of the construct map without being able to accurately explain 
the sun’s daily motion. This analysis led us to tentatively link the daily celestial 
motion construct map to the reason for the seasons construct map at the scientific 
level.  
 However, this is a tentative description of our findings. Additional research is 
needed to test and validate the seasons construct map and its connection to other 
construct maps. 
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that many, if not most, children and adults do not have the foundational 
knowledge– those concepts that form the initial levels of the construct maps– 
needed to support more sophisticated levels of understanding (e.g., Atwood & 
Atwood, 1995; Baxter, 1989; Brunsell & Marcks, 2004; Mant & Summers, 1993; 
Plummer, 2009a; Plummer & Maynard, 2012; Plummer, Zahm, & Rice, 2010; 
Schoon, 1995; Sharp, 1996; Trumper, 2006). This lack of foundational knowledge 
of astronomy means that, for older students, we cannot begin instruction at the 
more intermediate levels of the progression; advancing to the scientific levels 
requires beginning with some of the more elementary concepts of astronomy (e.g., 
daily patterns of motion and the earth’s rotation as an explanation of those 
patterns). 
 While the students in our study showed overall improvement in their 
understanding of the seasons, their learning may have been hindered by their lack 
of fundamental knowledge of astronomy (Plummer & Maynard, 2012). This 
problem suggests that, for many teachers, reaching the end goal of the learning 
progression may also mean teaching the foundational concepts, at least until school 
curricula are designed to address these foundations sufficiently at younger grades. 
Testing and validating additional aspects of a celestial motion learning progression 
are therefore problematic because of the amount of classroom time required to help 
students reach advanced levels beyond their naïve level of understanding. Students 
could move to these advanced levels more readily if more time and effort were 
devoted to providing them at an earlier stage with at least some foundational 
knowledge of celestial motion. 
 One reason for students’ lack of foundational knowledge is that coverage of 
astronomy is limited across K-12 schooling. Though I have been unable to find 
studies directly measuring the coverage of astronomy at the elementary level, 
research suggests that many students are not studying astronomy in middle or high 
school (Plummer & Zahm, 2010). As a result, researchers are limited in their 
ability to test theories in the context of classroom-based instruction. Secondary 
schools that teach astronomy often do so in very short time frames (Plummer & 
Zahm, 2010). If students have not learned the foundational concepts in elementary 
school, the fast-paced coverage in secondary schools is unlikely to result in a 
scientific understanding of the target concepts. 
 How can we meet the challenge of obtaining empirical support? First, 
researchers should stress the importance of pre-assessment of foundational 
concepts in how we articulate learning progressions. We should emphasize that 
learning progressions do not describe students’ knowledge at particular grades; 
they describe intermediate steps that can be accomplished through well-crafted 
instruction. In other words, it is important to emphasize that progress is not 
inevitable and that instruction at higher levels of the learning progression should 
not proceed unless students have acquired the necessary foundational knowledge 
(from the lower levels of the progression). Second, researchers should identify 
school districts that provide multiple opportunities for students to study astronomy 
at increasing levels of sophistication. These research settings would allow 
researchers to explore how students develop sophistication in astronomy through 
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repeated explorations of concepts, possibly using longitudinal studies. Reform-
based curricula, based on research findings about teachers’ pedagogical content 
knowledge and common alternative conceptions in astronomy, along with a clear 
plan to support teachers through professional development, are also needed. 
Examples of schools or districts that demonstrate successful science instruction 
based on learning progressions may encourage other districts to adopt similar 
instructional strategies. 

CONCLUSIONS 

In this chapter, I have presented initial research conducted to define a learning 
progression in astronomy and have articulated several challenges. The solutions 
presented to these challenges may be of use to researchers developing learning 
progressions around other big ideas of science. 
 The first set of challenges discusses the focus and organization of the learning 
progression. Other researchers may find it fruitful to consider the benefits of using 
construct maps to organize smaller elements of their learning progressions. This could 
be done to describe how students may increase in sophistication in their understanding 
of various phenomena or to demonstrate ways that learning can occur along different 
pathways (such as showing that learning to explain the phases of the moon is a 
separate, not a prerequisite, knowledge from learning to explain the seasons), both of 
which occur in the celestial motion learning progression. Construct maps may also 
serve as useful organizational tools as learning progression researchers consider ways 
to define learning progressions across both content and scientific reasoning abilities, 
such as in Songer, Kelcey, and Gotwals’ (2009) complex reasoning in biodiversity 
learning progression. The choice to use construct maps, as well as the organization of 
the construct maps, will depend on the nature of the big idea.. 
 The first set of challenges also refers to the connections between learning 
progressions. The identification of how concepts are connected between learning 
progressions (such as the importance of understanding properties of light in 
developing a rich understanding of celestial motion) may lead to a more 
sophisticated understanding of the big idea (such as extending the celestial motion 
learning progression to the big idea of gravity). Ultimately, moving to more 
sophisticated levels of understanding astronomy requires that students deepen their 
understanding of physics as well as their scientific reasoning skills. 
 The second set of challenges identified in this chapter concerns the testing and 
validation of the celestial motion learning progression. Research in this area is 
limited by gaps in the current astronomy education research base —a problem that 
is likely to arise in many other areas of science education. While it is clear that 
much additional research is needed on astronomy education, identifying the most 
appropriate instruction and conditions for testing and validating the learning 
progression will require extensive time and effort. For example, while longitudinal 
studies may help us answer questions about the validity of the learning progression, 
are such studies possible? Research that tests and validates the celestial motion 
learning progression is difficult because of the position of astronomy education in 
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schools today. Because astronomy is rarely taught in K-12 schools, it is difficult to 
identify school settings where the learning progression can be studied (Plummer & 
Zahm, 2010). Many districts require that teachers “teach to the test” and/or follow 
a standard curriculum in step-by-step fashion; other school districts schedule 
limited instructional time for astronomy. Therefore, external pressures will make 
large-scale validation projects a challenge in this domain as well as other aspects of 
sciences, which receive limited inclusion in school curricula. Limited instructional 
time challenges us to consider what is considered “good enough” in the context of 
this big idea and how to communicate potential trade-offs to teachers, curriculum 
developers, and policy makers.  
 The research described in this chapter presents the initial steps toward 
developing a learning progression for celestial motion. Additional empirical 
evidence is needed to define and validate the levels of the construct maps that 
make up this learning progression. In addition, the big idea, as described in this 
chapter, is only one possible approach in learning progression research in 
astronomy. Other big ideas in astronomy, leading to robust knowledge appropriate 
to K-12 education, should be explored. Such exploration may lead to the definition 
and validation of additional learning progressions that support improvement of K-
12 astronomy education through the development of more coherent standards and 
more research-based curricula. 

NOTES 
1 Explaining the earth-based perspective with the actual motions of other objects can ultimately be 

used to understand other phenomena in the universe, such as our observations of pulsars and the 
shapes of planetary nebulae. 

2 A more detailed description of the levels is in Plummer et al. (2011). 
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MoDeLS 

Challenges in Defining a Learning Progression for Scientific Modeling 

The MoDeLS project, Modeling Designs for Learning Science, has been 
developing and refining a learning progression that represents successively more 
sophisticated levels of engagement in the practice of scientific modeling (Schwarz 
et al., 2009). Our view of modeling practice draws on areas of agreement in current 
studies of learning about modeling (Harrison & Treagust, 2000; Lehrer & 
Schauble, 2000, 2006; Lesh & Doerr, 2003; Lesh & Lehrer, 2003; Treagust, 
Chittleborough, & Mamiala, 2002). We define a scientific model as an abstract, 
simplified representation of a system that makes its central features explicit and 
visible and that can be used to generate explanations and predictions (Harrison & 
Treagust, 2000). Examples of different kinds of scientific models include the Bohr 
model of the atom, the particle model of matter, a light ray model for how we see 
objects, the water cycle model, and a food web model indicating interactions 
between organisms. Working with scientific models involves constructing and 
using models as well as evaluating and revising them. The goal of this practice is to 
develop a model consistent with theoretical and empirical evidence that can be 
used to explain and predict multiple phenomena. 
 Developing and using models is central to authentic scientific practice. 
Involving learners in the practice of scientific modeling can help them construct 
subject matter knowledge, epistemological understanding, and expertise in building 
and evaluating scientific ideas (Lehrer & Schauble, 2006; Lesh & Doerr, 2000; 
Schwarz & White, 2005; Stewart, Cartier, & Passmore, 2005). The opportunity to 
engage in scientific modeling is important for developing and evaluating 
explanations of the natural world. Scientific modeling, however, is rarely 
incorporated into the educational experiences of elementary or middle school 
students. When modeling is part of school experiences, it is often reserved for 
secondary students and is primarily used for illustrative or communicative 
purposes, thus limiting the epistemic richness of the scientific practice (Windschitl, 
Thompson, & Braaten, 2008). 
 Our goal is to develop a learning progression that characterizes the aspects of 
modeling that can be made accessible and meaningful for students and teachers in 
upper elementary and middle school classrooms – ideally, a learning progression 
that can be used across multiple science topics and can support development of the 
practice across multiple years of learning. Consistent with other chapters in this 
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book, we view a learning progression as a framework for articulating successively 
more sophisticated versions of knowledge and practice that is built on the 
understandings and ways of knowing that learners bring to the classroom (National 
Research Council [NRC], 2007; Smith, Wiser, Anderson, & Krajcik, 2006). 
Learning progressions offer the opportunity to explore and characterize paths 
through which students can build their knowledge and practices over time across a 
variety of important contexts such as different curriculum materials and classroom 
environments. Learning progressions are useful for designing effective 
instructional materials, designing formative and summative assessments, and 
supporting instruction that can help learners meaningfully engage with science 
ideas and practices over time. We do not assume that students become more 
sophisticated at engaging in the practice of scientific modeling in a particular fixed 
sequence. Progress may take different paths as students build sophistication with 
respect to the various elements of modeling practice. We expect that learners’ 
enactment of modeling practice is critically dependent on instruction and 
scaffolding (Lehrer & Schauble, 2006; NRC, 2007). Thus we do not claim that the 
elements of modeling practice we describe are context-independent. 
 We have chosen to foreground the scientific practice of modeling in our learning 
progression. While we recognize the content-dependent nature of scientific 
practices, our research project has chosen (1) to focus on an important scientific 
practice that, with some exceptions (e.g., Lehrer & Schauble, 2000), is not 
typically highlighted in most elementary and middle school classrooms, (2) to 
determine whether students can abstract aspects of the practice across science 
topics over time, and (3) to conduct research in elementary and middle school 
science contexts that typically include teaching multiple science topics (in physical, 
life, and earth science) each year. 
 We developed our learning progression through an iterative process involving 
theoretical and empirical work. We began with consideration of prior theoretical 
analyses, empirical investigations, and work in philosophy of science; 
subsequently, our work has been guided by our empirical research from classroom 
enactments of modeling-oriented curriculum materials and assessments in upper 
elementary and middle school classrooms (Schwarz et al., 2009). This iterative 
process of designing a learning progression started with defining an initial 
framework in conjunction with designing curriculum materials and assessments 
used in the first year of the classroom enactments. The framework was then fleshed 
out with our initial empirical data and revised to become our initial learning 
progression (Schwarz et al., 2009). We subsequently refined our curriculum 
materials and assessments for classroom enactments in the second year and used 
the outcomes of these enactments to further revise our learning progression. 
 There are many challenges associated with building a learning progression for a 
complex practice such as scientific modeling. The development of an empirically-
supported learning progression for a scientific practice is a paradigmatic example 
of research problems suited to design research (Cobb, Confrey, diSessa, Lehrer, & 
Schauble, 2003; Edelson, 2001). Characterizing and comparing possible paths for 
learning a particular target concept are not solely matters of empirical 
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investigation. Defining the target of learning involves design considerations. The 
goal in bringing scientific practices into classrooms is not simply to replicate 
professional practices; rather, it requires exploring which aspects of a given 
practice are both feasible and productive for learners (Edelson & Reiser, 2006). 
Investigations of pathways through which students can develop a scientific practice 
require empirical explorations of challenges and successes in reaching particular 
learning goals and entail developing design arguments for the learning goals. 
Design research is also essential because the target practice rarely exists in typical 
classrooms; investigations of the practice require design decisions aimed at 
creating the conditions that can support it (Cobb et al., 2003). 
 In this chapter, we explore design challenges that emerged in attempting to 
define, investigate, and revise a learning progression for scientific modeling. We 
consider issues in defining the progression, including which elements of modeling 
practice are critical for learners, which dimensions of the practice should be 
represented in a learning progression, and what grain size is needed to capture 
change. We also consider issues involved in investigating the learning progression 
such as designing effective curriculum and professional development materials to 
support teachers and students in their enactments of the practice. Investigating the 
learning progression also requires effective assessments across multiple science 
topics and appropriate analytical tools for interpreting outcomes. Finally, revising 
the learning progression requires analyzing students’ work as they engage in 
modeling practices. We outline the challenges we faced in our process of defining, 
investigating, and revising our progression. We also present the learning 
progression we developed through this iterative design process. 

CHALLENGES IN DEFINING A LEARNING PROGRESSION FOR THE PRACTICE 
OF SCIENTIFIC MODELING 

Challenges in Defining the Aspects of Scientific Modeling for Classrooms 

Scientific modeling is a rich practice that overlaps with other practices such as 
conducting investigations, constructing explanations, and engaging in 
argumentation (Passmore & Svoboda, 2011). Educators could choose to involve 
learners in a variety of candidate forms of scientific modeling. Hence one 
challenge in designing a learning progression for modeling is to identify which 
forms of modeling (with their underlying knowledge) are appropriate and 
productive for learners in school science settings. In particular, what aspects of 
modeling can (and should) learners understand and be able to do? Research on 
bringing scientific practices into classrooms has focused on practices such as 
argumentation, explanation, and scientific modeling. This work contains common 
elements, such as comparing alternatives, community building of knowledge 
involving argumentation and consensus, and evaluating scientific ideas against 
evidence. However, the research differs in the specific analytical frameworks used 
to characterize the target practice. Some modeling approaches focus on models as 
embodying patterns in data (Lehrer & Schauble, 2000) while others discuss models 
as embodying causal explanatory mechanisms for phenomena (White, 1993; 
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Windschitl et al., 2008). There are also open questions about conceptualizing 
learning goals such as whether to prioritize knowledge about the practice 
(Lederman, 2007) or the practical work of knowledge building through use of the 
practice (Sandoval, 2005). 
 To address the challenge of deciding which elements of the practice are suitable 
and productive for learners, we made several design decisions that influenced our 
learning progression. These included decisions about highlighting particular forms 
of models and elements of modeling practice, balancing metaknowledge and 
practice, and studying the practice across science topics. Our design decisions were 
based on prior research (Carey & Smith, 1993; Lehrer & Schauble, 2000; Schwarz & 
White, 2005; Stewart et al., 2005), theoretical arguments for what is most productive 
for learners (Schwarz, 2002), and contextual constraints such as what is possible in 
classrooms with existing curriculum materials and teachers. 
 Highlighting particular forms of models. We chose to design a learning 
progression that engages learners in modeling components, processes, and 
mechanisms that can explain and predict phenomena. The focus of modeling in our 
learning progression contrasts somewhat with a focus on modeling data or patterns 
in data (e.g., Lehrer & Schauble, 2000). Data modeling is central in science (e.g., 
much of modern science involves data and computational modeling) and enables a 
focus on the mathematical and representational aspects of making sense of 
phenomena. We chose a complementary focus – namely models that embody some 
aspects of causal and often non-visible mechanisms or explanatory components 
(Clement, 2000; White, 1993). Like data modeling, this type of modeling involves 
learners in creating, debating, and reaching consensus on inscriptions that represent 
their thinking about scientific phenomena (Lehrer & Schauble, 2004, 2006). We 
focus on explanatory models to emphasize accounting for patterns in phenomena by 
proposing theoretical explanatory constructs, such as processes and mechanisms, 
which are a critical part of building knowledge in science (Russ, Scherr, Hammer, & 
Mikeska, 2008). Examples of these explanatory constructs include (a) using 
reflection, absorption, and transmission of light rays as mechanisms to explain 
shadows, reflection, color, and other phenomena and (b) using the presence and 
movement of particles of matter as mechanisms to explain phase changes, diffusion, 
and related chemical phenomena. 
 Targeting explanatory constructs and mechanisms in students’ models is 
certainly ambitious. Students’ ideas about causes of scientific phenomena are 
typically under-developed. At times their ideas are consistent with their perceptions 
from everyday experiences but inconsistent with scientific data and canonical 
explanations. However, modeling allows students to externalize and reflect on 
evidence and experiences and to relate them to possible mechanisms and additional 
scientific information. In this way, students can move toward higher-level 
explanations and predictions of phenomena. 
 Selecting elements of modeling practice. Our learning progression reflects the 
commitment that learners need to engage in the modeling practice itself: 
embodying key aspects of a theory and evidence in an expressed representation; 
using the representation to illustrate, predict, and explain phenomena; and 
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evaluating and revising the representation as it is used. While teachers may provide 
learners with models for observing aspects of phenomena or have learners 
construct models to apply what they have been taught, engaging learners in the 
evaluation and revision of models is rare. Yet this entire model construction and 
revision process—also called model evolution (Clement, 2008) or model 
refinement (Acher, Arcà, & Sanmartí, 2007)—is critical for a better understanding 
of and participation in science. Students need the opportunity to evaluate and revise 
their models if they are to understand the relationship between models and data, as 
well as the social aspects of the modeling process (Clement, 2008; White & 
Frederiksen, 1998). As students engage in elements of modeling practice, they 
must attend to the role of empirical evidence in constructing, evaluating, and 
revising models. The social context is critical to motivating and supporting the 
evaluation and revision of models since the generation of competing alternative 
models creates a need for criteria to evaluate the strengths and weaknesses of 
candidate models. In addition, students use the audience of their classroom peers to 
test the effectiveness of their models for persuading others and helping them to 
understand targeted scientific ideas. 
 Drawing on prior work related to epistemologies and the nature of science 
(Carey & Smith, 1993) and on student learning about modeling (Grosslight, Unger, 
Jay, & Smith, 1991; Snir, Smith, & Raz, 2003; Spitulnik, Krajcik, & Soloway, 
1999; Stewart et al., 2005), we operationalized the practice of modeling to include 
four elements: 

• Constructing models consistent with prior evidence and theories to illustrate, 
explain, and predict phenomena; 

• Using models to illustrate, explain, and predict phenomena; 
• Comparing and evaluating the ability of different models to accurately represent 

and account for patterns in phenomena and to predict new phenomena; and 
• Revising models to increase their explanatory and predictive power, taking into 

account additional evidence or aspects of phenomena. 

These four elements represent modeling tasks that can be differentiated by their 
goals and guiding criteria, but they are not discrete steps performed in sequence. 
For example, students may compare and evaluate candidate models as they attempt 
to revise their current model. These four elements provide the foundation for the 
modeling practice in our learning progression. 
 Balancing and integrating metaknowledge and practice. Our goal is to 
engage learners in reflective practice in which scientific activity is meaningful to 
them (Edelson & Reiser, 2006; Lehrer & Schauble, 2006; Lehrer, Schauble, & 
Lucas, 2008). Achieving this goal requires supporting both the doing and the 
understanding of the practice (metaknowledge). To guide instruction and 
assessment, the learning progression must articulate learning goals that involve 
both performance of the elements of the practice and the associated 
metaknowledge. An important design tradeoff emerges when selecting and 
integrating metaknowledge into a practice. On the one hand, we do not want to 
teach modeling as a scripted routine in which students perform steps simply 
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because they were encouraged to do so in instruction. In contrast to learned 
routines, engagement in a practice is governed by shared understandings, norms, 
and goals – the form of practice is meaningful to the community engaged in that 
practice (Bielaczyc & Collins, 1999; Brown & Campione, 1996). This motivates 
the need for including elements of metaknowledge as part of modelling instruction. 
The underlying epistemological understanding explains why the practice takes the 
form and develops the way it does. For example, constructing scientific 
explanations is more sensible when learners understand how everyday explanations 
differ from scientific explanations; while plausibility is a sufficient criterion for 
everyday explanations, scientific explanations must also be consistent with 
empirical evidence (Brewer, Chinn, & Samarapungavan, 1998). This argument 
suggests that understanding how and why models are used, as well as their 
strengths and limitations, may help learners construct, use, evaluate, and revise 
their own and others’ models (Schwarz, 2002; Schwarz & White, 2005; Schwarz et 
al., 2009). 
 On the other hand, there are many ways of exploring how science works and 
how scientists think that challenge learners’ prior understandings (Abd-El-Khalick 
et al., 2004; Lederman, 2007). Making modeling practice meaningful is our 
foremost goal. Thus we do not want to target knowledge about the nature of 
science as a learning goal for its own sake. Teaching nature of science ideas 
without embedding them in practice risks them becoming decontextualized 
knowledge that is not grounded in students’ own experience of engaging in the 
practice. Thus there is a tension between including those elements of 
metaknowledge that can help make the practice meaningful (rather than a scripted 
routine) and including metaknowledge that may become a set of decontextualized 
facts simply to be learned. 
 Our design strategy involves a pragmatic instrumental approach to 
metaknowledge in which we focus on the metaknowledge that is useful in helping 
learners resolve the obstacles they encounter (Sandoval, 2005). This is a learning-for-
use argument in which the utility of scientific ideas arises as they are introduced to 
help learners solve problems they are investigating (Edelson, 2001; Kanter, 2010). In 
this way, learners construct scientific ideas as tools for solving meaningful problems, 
rather than ideas to be learned for their own sake. We adapt this idea by situating the 
teaching of the metaknowledge in modeling problems that the metaknowledge can 
help guide. Therefore, our learning progression specifies the elements of 
metaknowledge that we theorize influence the elements of modeling practice. We 
look for and support growth of metaknowledge as it applies to the performance of 
elements of modeling practice. 
 Thus in articulating metaknowledge in practice (metamodeling knowledge; 
Schwarz & White, 2005), we focus on elements that help students make modeling 
decisions. For example, when comparing competing ideas to develop group 
consensus, knowledge about criteria for evaluating models, such as fit with 
empirical evidence about phenomena and coherence of explanation, is needed to 
tackle the modeling work. Other metaknowledge may be possible to target—such 
as the understanding that models can take different forms; knowlege of 



MoDeLS 

107 

relationships among and differences between models, theories, and laws; and more 
general ideas about scientific disciplines involving “creativity” (Lederman, 
2007)—but these ideas have less clear utility in guiding students’ construction, 
comparison, evaluation, and revision of models. 
 Conceptualizing modeling as a general scientific practice. A related issue in 
balancing the performance of elements of practice and metaknowledge is the level 
of abstraction of the reflective practice targeted for instruction and hypothesized to 
improve with experience. For example, to what extent can students use the same 
reflective practice in constructing, using, evaluating, and refining models about 
heredity, the nature of matter, and ecosystems dynamics? The influence that specific 
scientific disciplines and types of investigations have on learning scientific practices 
is critical (Lehrer & Schauble, 2006; Tabak & Reiser, 2008). Engaging in a practice 
is always situated in particular disciplinary investigations that vary along important 
dimensions. For example, designing experimental investigations (such as studies of 
the relationship between force and motion of physical objects) is different from 
designing investigations that require the analysis of naturally occurring datasets to 
determine relationships between variables (such as longitudinal studies of species 
interactions in ecosystems). This difference suggests that the approach taken in 
defining learning progressions could focus on the combination of a practice and a 
domain, such as scientific modeling in physical science. 
 We view these discipline-specific practices as important specialized forms of 
more general practices, such as the scientific evaluation of the relationships 
between two variables. Thus, for both instruction and analysis, we target general 
aspects of constructing mechanistic models that cut across specific scientific 
disciplines – e.g., evaluating fit with evidence, focusing models on the salient 
details that support explanations, and generalizing the model to explain a range of 
cases. This focus allows us to explore how the practice can become more 
sophisticated across a range of scientific ideas. To determine whether the reflective 
practice of modeling transfers from one setting to another, we examined whether 
that practice could be applied across a wide range of scientific phenomena. 
 These decisions to integrate performance of elements of practice and 
metaknowledge across multiple science topics have important implications for 
defining, investigating, and revising the learning progression. In the following 
sections we discuss the challenges that arose in making these decisions. 

Challenges in Defining an Initial Learning Progression for Scientific Modeling 

We represented our initial learning progression for scientific modeling as a set of 
related construct maps (Wilson, 2005, 2009), each of which represents a trajectory of 
the elements of this practice and associated understandings that we expect students to 
exhibit in classroom modeling activities. Each level in our construct maps represents 
a more sophisticated version of the previous level; thus these construct maps 
represent the theoretical articulation of the elements of performance and 
understanding of the practice that become more sophisticated with experience  
and instruction. The construct maps then guided the design of supports for learning 
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and analyses of student growth over time. We used these construct maps to develop 
more specific rubrics for analyzing a range of data from classrooms. Our data 
included student interviews, written assessments, and classroom discourse in small 
group work and in whole class discussions. Analyses from multiple enactments 
helped refine the theoretical articulation of the construct maps. 
 One important challenge in defining our initial learning progression involved the 
dimensions of the learning progression (i.e., which construct maps to include) and the 
grain size for each dimension. We initially considered creating construct maps that 
represent the combination of each of the four elements of practice and several relevant 
elements of metamodeling knowledge (such as the purpose and nature of models and 
the criteria for evaluating models). However, there would have been overlapping 
elements of practice and similar metamodeling knowledge in these maps. For 
example, the use of models to explain phenomena motivates both the construction and 
the use of models. The fit of the model to evidence applies to both the evaluation and 
the revision of the model. Furthermore, the elements of the practice refer to tasks that 
may overlap. Constructing models and using models to explain phenomena may be 
separate steps, for example, when using an existing model to explain a new although 
similar phenomenon. However, constructing models and using models can also be 
coordinated tasks since considerations of whether a model sufficiently explains the 
data about a phenomenon should guide decisions in constructing that model. 
Similarly, evaluating a model’s strengths and weaknesses and revising that model may 
either be two steps in the same task or two separate tasks. 
 Thus, rather than creating separate construct maps for each element of the practice 
combined with associated metamodeling knowledge, we identified two clusters of 
issues that synthesize metamodeling knowledge and that influence the four elements 
of practice. Those clusters were represented by the two dimensions of our initial 
learning progression and are illustrated by two construct maps that describe these 
aspects of reflective practice. Thus each construct map describes aspects of students’ 
modeling performances (such as their decisions about revising models, properties of 
their constructed models, or changes in a revised model) and their reasoning about 
these performances (as reflected in their classroom discourse or written 
explanations). The generative dimension (Table 1) describes the reflective practice 
for how models predict or explain aspects of phenomena when models are constructed 
or used. Each target is defined as a combination of students’ performance of a 
modeling task (both process and product) and the underlying metaknowledge that 
makes the activity meaningful. The dynamic dimension (Appendix) describes 
reflective practice for when and how models need to change when students evaluate 
and revise them (see Schwarz et al., 2009 for additional details about our initial 
learning progression). These two dimensions provided the initial framework that 
guided our empirical investigation of modeling practice in the classrooms. 
 In our initial generation of the construct maps, we defined levels associated with 
significant, rather than incremental, differences in reflective practice, resulting in 
broad descriptions. These levels were based on prior theoretical and empirical 
work (e.g., Carey & Smith, 1993; Schwarz & White, 2005) that outlined broad 
categories of meaningful change. Since we were uncertain about what we might 
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detect in students’ work as they engaged in modeling practice, we developed broad 
descriptive levels. Our intent was to revise the level descriptions in response to 
empirical data. As a result, differences between levels in our construct maps 
represent significant shifts in reflective practice based on different epistemological 
notions of modeling. We included several levels, or general descriptions of 
reflective practice, that are qualitatively different and are associated with aspects of 
practice that might be valuable in a scientific context. The first level of each 
construct map embodied the initial description of modeling practice – envisioned 
as engaged in by learners in early elementary school or by learners with no prior 
modeling experiences. The final (fourth) level was associated with advanced ideas 
about and sophisticated use of modeling – envisioned as the practice of 
experienced college science students, graduate students, or scientists – and helped 
us outline the possible levels of modeling practice. We also included two 
intermediate levels: a second level for learners who have moved beyond a 
beginning phase but still engage in epistemologically limited modeling practice 
and a third level for learners who have shifted toward more sophisticated 
understanding and modeling practice. 

Table 1. A Construct Map for the Generative Dimension: Understanding Models as 
Generative Tools for Predicting and Explaining. 

Level  Descriptions of Reflective Practice (Including Performance of Elements of the 
Practice and Associated Metaknowledge)  

4 Students construct and use models, extending them to a range of domains to 
help their own thinking. 
Students consider how the world could behave according to various models. 
Students construct and use models to generate new questions about the behavior 
or existence of phenomena. 

3 Students construct and use multiple models to explain and predict additional 
aspects of a group of related phenomena. 
Students view models as tools that can support their thinking about existing and 
new phenomena. Students consider alternatives in constructing models based on 
analyses of the different advantages and weakness for explaining and predicting 
these alternative models possess. 

2 Students construct and use a model to illustrate and explain how a phenomenon 
occurs, consistent with the evidence about the phenomenon. 
Students view models as a means of communicating their understanding of a 
phenomenon rather than as tools to support their own thinking. 

1 Students construct and use models that show literal illustrations of a single 
phenomenon. 
Students do not view models as tools to generate new knowledge but do see 
models as a means of showing others what the phenomenon looks like. 

Note. Adapted from "Developing a Learning Progression for Scientific Modeling: Making 
Scientific Modeling Accessible and Meaningful for Learners," by C. V. Schwarz, B. Reiser, 

E. A. Davis, L. Kenyon, A. Acher, D. Fortus, Y. Shwartz, B. Hug, and J. Krajcik, 2009, 
Journal for Research in Science Teaching, 46, p. 640. Copyright 2009 by Wiley Periodicals, 
Inc. Reproduced with permission of Wiley Periodicals, Inc. via Copyright Clearance Center. 
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 Consider the construct map for the generative dimension, shown in Table 1. This 
dimension describes how students construct and use models that embody explanatory 
constructs (e.g., mechanisms, processes) and whether students view models as useful 
for advancing their own knowledge as well as for helping communicate what has been 
learned to others. One challenge we faced in constructing this map was aggregating 
aspects of the practice that generally represent similar epistemological ideas while 
addressing different decisions surrounding the practice, such as the audience or the 
type of model constructed or evaluated. We aggregated several aspects under each 
level based on preliminary classroom data that suggested aspects that either clustered 
or seemed to play an important role at a particular level. 
 Each of the four levels shown in Table 1 is defined by two related descriptions. 
The first description is intended to capture the sophistication of students’ 
construction and use of models and the associated metaknowledge that guides their 
decisions about the model components and the relationships between these 
components. The second description focuses on students’ understanding of the 
reasons for constructing and using models. All indicator statements include 
performance of the elements of the practice guided by associated metaknowledge. 
We next describe these four levels using examples of student work from classroom 
enactments in which modeling curriculum materials were used. 
 We designed the Level 1 descriptions to capture students’ reflective practice 
characterized by considering modeling and the purpose of models to be literal 
illustrations of a particular phenomenon. For example, Figure 1 shows a fifth grade 
student’s pre-instructional model of water in a covered and uncovered cup. The 
student drew a model that shows the water level before and after a period of time but 
that includes no explanatory components. Students at Level 1 make their models as 
similar to the real thing as possible. For example, a fifth grade student commented 
(after an introductory modeling unit): “A model would [be] like an actual Coke can 
with water on the side, or a picture of it, that is more detailed and colored …” 
 We designed the Level 2 descriptions to capture students’ reflective practice 
characterized by (1) constructing and using models to explain how phenomena occur 
and (2) making their models consistent with evidence about the phenomena. This 
level is more sophisticated because students construct and use models that include 
non-observable processes and mechanisms. Students at this level also consider 
sources of information such as empirical evidence or information from teachers and 
books. However, students at this level do not yet view models as tools to support 
their thinking. After the modeling unit, the same fifth grade student (who drew the 
model in Figure 1) drew the model in Figure 2. In Figure 2 the student drew 
microscopic particles in a “zoomed-in” fashion to illustrate how the water condenses 
and escapes. The student also drew arrows that indicate a process and direction for 
the evaporation and labels that show the water level has changed in the uncovered 
cup (i.e., a change over time). Students at this level justify changes to their models in 
general terms of the model’s ability to explain phenomena. For example, this fifth 
grade student commented after the modeling unit: “The models are helpful because 
they explain how evaporation and condensation works.” This example illustrates how 
a student’s level in the construct map can change after instruction.  
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constitutes a scientific model, how to productively incorporate modeling into the 
curriculum, and how scientific modeling overlaps with other scientific practices 
emphasized in state and national standards, such as scientific inquiry and 
generating explanations. Consequently there have been several major challenges 
in our use of classroom enactments to generate evidence to investigate our 
learning progression. In particular, we faced challenges (1) in designing and 
adapting curriculum materials to investigate a learning progression for a practice, 
(2) in working with teachers to better understand and incorporate scientific 
modeling in their teaching, and (3) in designing assessments that adequately 
assess students’ engagement in the practice. 

Challenges in Designing and Adapting Curriculum Materials 

The investigation of learners’ engagement in a scientific practice and of the 
elements of performance and understanding that become more sophisticated over 
time requires sustained opportunities to engage in the practice with targeted support. 
Unfortunately, students rarely have the opportunity to engage in knowledge-
building scientific practices such as explanation, modeling, and argumentation 
(NRC, 2007; Weiss, Pasley, Smith, Banilower, & Heck, 2003). Thus investigating a 
learning progression for a scientific practice requires a research program that studies 
what is possible for learners to accomplish with support, rather than one that studies 
what “naturally” emerges as learners participate in typical instruction and out-of-
school experiences. Learning progressions for scientific practices do not describe 
developmentally inevitable stages; rather, they describe what learners can 
accomplish with suitable learning opportunities for engaging in a given practice and 
with appropriate support for engagement and reflection. Thus, to investigate a 
learning progression for scientific modeling, we had to create suitable instructional 
contexts. We had to make several choices in this effort: the selection of scientific 
topics in which to embed the practice; the decision of whether to design or to adapt 
the curriculum; and the identification of the practice elements to highlight. 
 Selecting scientific topics for modeling. As discussed earlier, we define 
modeling, as other researchers do (Harrison & Treagust, 2000; Lehrer & Schauble, 
2000, 2006; Lesh & Doerr, 2003; Lesh & Lehrer, 2003; Treagust et al., 2002), as an 
abstract, simplified representation of scientific phenomena that makes the central 
features of the phenomena explicit and that can be used to generate explanations and 
predictions (Harrison & Treagust, 2000). Other work has explored how to help 
students develop explanations for phenomena and support those explanations with 
scientific arguments (Berland & Reiser, 2009, 2011; McNeill, 2009; McNeill, 
Lizotte, Krajcik, & Marx, 2006). We build on this prior work with practices related 
to modeling by adding the notion of models as explanations of phenomena that we 
can then apply in multiple contexts. Our instructional approach stresses the goal of 
representing, comparing, evaluating, and reaching consensus on explanations of 
phenomena as models. We also emphasize the usefulness of constructing explicit 
external representations of models (such as diagrams of force and motion, food 
webs, atomic and molecular structure, and so on). 
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 This emphasis within scientific modeling has implications for the choice of 
topics that can be investigated with modeling practices. Some scientific topics are 
more suitable than others for making explanatory components and non-visible 
mechanisms of phenomena visible at a level consistent with grade-level state 
benchmarks and standards. Although a phenomenon may be observed and 
empirically investigated, it may be difficult to help students construct mechanistic 
understandings of that phenomenon from the evidence. For example, a unit on the 
function of plant parts that asks students to identify those parts and their general 
function, if redesigned to incorporate modeling practice, would need to model the 
non-visible components and mechanisms of plant growth. Such a redesign would 
be difficult as it would require helping younger students understand photosynthesis 
at the molecular level without building on a particle model of matter. 
 Therefore, we have focused on science topics for which students can construct 
and revise diagrammatic models of non-visible explanatory components over time. 
For middle school, we used units under development as part of the Investigating and 
Questioning our World through Science and Technology project (IQWST; Krajcik, 
McNeill, & Reiser, 2008; Shwartz, Weizman, Fortus, Krajcik, & Reiser, 2008). We 
embedded more explicit supports for modeling in two sixth grade IQWST units. 
Both units target explanatory models with non-visible components that describe 
processes occurring over time: a physics unit on light in which students model light 
rays travelling through space and their interaction with materials, and a chemistry 
unit about the nature of matter in which students model particles of gas and their 
movement. We have also extended this curriculum approach to an eighth grade unit 
on natural selection in which students develop evidence-based explanations of 
population change. They begin with two individual cases of natural selection, 
finches in the Galapagos Islands and peppered moths in the United Kingdom. The 
students then adapt their explanations of natural selection to construct a more 
general model that accounts for population change through differential survival in a 
population containing natural variation. We also created an elementary fifth grade 
unit on evaporation and condensation that introduces the notion of particles and 
their movement without addressing the full molecular model presented in the 
IQWST sixth grade unit (Baek, Schwarz, Chen, Hokayem, & Zhan, 2011). The fifth 
grade unit enabled us to consider the foundations of a more sophisticated model of 
matter developed in the sixth grade unit. 
 Deciding how to bring modeling practice into classrooms through 
curriculum materials. The lack of agreement among school districts and states 
about which science topics should be taught each year prevented us from 
developing new units for the multiple school districts in Illinois, Ohio, and 
Michigan that partnered with us. Thus, in addition to developing a modeling-
focused unit on evaporation and condensation, we also developed a set of 
principles to help teachers embed the practice of scientific modeling in suitable 
existing curriculum units (Kenyon, Schwarz, & Hug, 2008). We worked with 
teachers to use these principles to modify commercially published and district-
authored units. The topics of these units included form and function in the human 
body and the properties of electrical circuits. 
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 Identifying elements of modeling practice to target. As described earlier, we 
selected constructing, using, evaluating, and revising models as the central 
elements of modeling practice. However, there are many potential approaches to 
engagement with these elements. We focused on contexts that emphasize 
comparative evaluation of models, leading to their revision, in order to highlight 
the nature of models as explanatory tools that can be improved with new evidence, 
rather than as “final form” answers to scientific questions. Therefore we developed 
problem contexts requiring iterative model construction and revision through 
metamodeling discussions as well as social contexts such as peer evaluation and 
consensus model-building (Kenyon et al., 2008; Schwarz et al., 2009). As the 
problem and social contexts were enacted somewhat differently for the various 
curricular materials and classrooms, there was likely an influence on the learning 
opportunities and engagement in scientific modeling. For example, some materials 
(and the teachers using them) engaged students in comparing and contrasting 
representations and their meanings in diagrammatic models, while others 
emphasized consistency with empirical evidence. Some approaches emphasized 
metamodeling discussions and language, while others primarily emphasized the 
construction and revision of models. Each context and approach affected outcomes 
that guided revisions of our learning progression. 

Challenges in Supporting Teachers’ Instruction of Scientific Modeling 

An important set of challenges in empirical investigations of a learning progression 
for a practice arises when helping teachers to better understand the practice and 
incorporate it into their teaching. Most teachers perceive that the goals of science 
teaching, reinforced by the pressure of high-stakes assessment, require a focus on 
science content. These perceptions manifest themselves in several forms, 
sometimes reducing opportunities for engaging in the full range of targeted 
elements of modeling practice. Yet if students do not have adequate opportunities 
to engage in modeling, we have little evidence for evaluating and revising the 
construct maps that comprise our learning progression. 
 Viewing practice and content as competing goals. One instructional challenge 
emerged in the teachers’ approach to the relationship between scientific practices 
and content. While we, as researchers and curriculum designers, see engaging in 
modeling practice as an effective way to develop deeper explanations of scientific 
phenomena (i.e., content), teachers may think scientific practices and scientific 
content represent separate and competing goals. Or teachers may lack the 
pedagogical strategies that can support students in using scientific practices to 
develop scientific ideas. Most teachers have never used models and modeling other 
than in a demonstration of a correct scientific idea (Justi & van Driel, 2005; 
Schwarz et al., 2009; van Driel & Verloop, 1999; Windschitl et al., 2008). Thus 
viewing modeling as a process that involves constructing, using, evaluating, and 
revising models as tools for advancing students’ thinking may be counter to typical 
school, curriculum, and teacher norms. In our initial curriculum enactments, we 
found that some teachers involved in teaching the MoDeLS curriculum materials 
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focused on the use of models to convey scientific content to their students. This 
focus was at the expense of engaging students more fully in the practice of 
modeling through repeated opportunities to work with partially correct models and 
to compare, evaluate and revise them. 
 Integrating metaknowledge into support of the practice. Another challenge 
for science instruction incorporating scientific practices arises in the integration of 
metaknowledge. This challenge stems from the tension between an integrated 
strand model of science literacy (NRC, 2007, 2009), in which practices are viewed 
as vehicles for the development and use of scientific knowledge, and the idea that 
process, content, and the nature of science are separate learning goals. Some 
teachers had difficulty incorporating the metamodeling aspect of the practice, 
particularly at appropriate and critical points in the curriculum, since this aspect 
added another layer of complexity. Other teachers ignored the metaknowledge 
aspect of modeling or used it as additional information to be learned (e.g., the 
definition of a model). Not surprisingly, it was also challenging for teachers to 
develop pedagogical strategies for both elements of the practice and the associated 
metamodeling knowledge – particularly in their first use of the materials. For 
example, asking students to engage in discussions that compare models to better 
understand important criteria for evaluation and using those discussions for 
improving models were not straightforward endeavors. Social and school norms 
(e.g., giving the teacher the correct answer or favoring the model presented by a 
more likable classmate) conflicted with the norms of the scientific practice. These 
conflicts posed difficulties for highlighting metamodeling knowledge that should 
guide performance of the elements of the practice, such as the consistency of the 
model with empirical evidence or the utility of a model in explaining and 
predicting phenomena. These difficulties influenced students’ learning outcomes 
with respect to the learning progression. For example, if the teacher and school 
norms promote using models to “show the correct science answer,” then a learner 
might have more difficulty exhibiting the higher levels of reflective practice in the 
generative construct map that include the idea that models can be tools for thinking 
about the world. 
 Supporting teachers through professional development and curriculum 
design. To address these challenges, we focused our professional development and 
curriculum design efforts on achieving a more seamless integration of the 
metaknowledge guiding the elements of modeling practice with the practice of 
constructing and using models to explain phenomena. We studied our curriculum 
approach in several different classroom settings, provided teachers with professional 
development, and modified the curriculum materials for use in additional classrooms. 
Some of our enactments were with teachers who followed an entire modeling unit; 
other enactments were with teachers who integrated modeling activities into their 
existing classroom curricula and engaged students in modeling practices in several 
contexts. Teachers who engaged their students in modeling practice over several 
units, and sometimes over multiple years, with project support, reported finding a 
more productive balance between content and reflective practice in their pedagogical 
strategies. In addition, teachers’ feedback and our analysis of their enactments 
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provided information for use in modifying the curriculum materials. As a result, we 
revised the elementary materials to support teachers and learners in more effectively 
relating empirical evidence to model revision, in clarifying the generative purpose of 
models, and in choosing more effective evaluation criteria and structures to support 
productive social norms for peer model evaluation. We modified the middle school 
materials to streamline the metamodeling discussions that may have been 
overwhelming to some teachers. We are currently studying teacher enactment and 
changes in student’s modeling practice to determine how teacher-student interactions 
may have affected student-learning outcomes. 

Challenges in Obtaining Evidence of Students’ Reflective Practice 

Designing appropriate written assessments and interview protocols that can be 
compared across grade levels and topics to inform redesign of the learning 
progression has revealed other research challenges: how to assess reflective 
practice that involves both engagement in the practice and understanding of the 
practice; how to provide scaffolding in assessments; and how to tease apart content 
learning gains from improved sophistication in the practice. 
 Analyzing modeling performance and metaknowledge in assessments. We 
developed our learning progression with a commitment to the integration of 
metamodeling knowledge with the elements of the practice (Kenyon et al., 2008; 
Schwarz et al., 2009). The target is reflective practice in which learners engage in 
the practice with understanding, not simply as a routine. For example, teachers and 
curriculum resources should help students see the need for labeling from the 
perspective of the audience that is trying to understand the phenomena, rather than 
stressing the importance of labeling diagrams and encouraging students to label 
their models, essentially as an end in itself. Thus, by itself, increased labeling is not 
necessarily evidence of reflective practice. We did not want to teach and then 
assess only the performance of aspects of the practice (with little rationale) or only 
metamodeling knowledge (with no engagement in the practice). Our construct 
maps focused not only on students’ actions (such as labeling) but also on their 
rationales for choosing particular actions. 
 In order to assess both students’ performances of modeling practice and their 
rationales for these performances, we wanted to observe their spontaneous 
justifications for modeling tasks. We also wanted to observe whether they 
answered questions about metaknowledge in terms of their specific decisions in 
performing the practice. Thus we used questions in both written assessments and 
interviews that varied in their focus on the performance of elements of the practice, 
on metamodeling knowledge, and on the connection between the two as vehicles to 
analyze the connection between the performance of elements of the practice and 
metaknowledge. For example, we developed tasks that asked students to perform 
an element of modeling practice, such as making a prediction using a model: “Use 
your model [of evaporation] to predict what will happen when a marker dries out.” 
We asked other questions that focused on metaknowledge, such as “How are 
models useful?” For both types of assessment item, we looked for evidence of 
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metaknowledge as applied to engaging in the practice according to our construct 
maps (Table 1, Appendix). The metaknowledge questions were sometimes useful 
in eliciting students’ ideas that they rarely mentioned when working on modeling 
tasks (such as definitions of models). In general, however, we found that the 
questions that addressed both performance and knowledge of modeling practice 
were the richest ones for generating examples of student reflective practice. Thus 
most tasks explicitly required practice with metaknowledge as justification (e.g., 
“construct a model to explain this phenomenon, and discuss how it is useful for 
explaining what is going on.”) 
 One approach that merges practice and metaknowledge is grounded 
assessment – interviews or written assessments that are contextualized in 
students’ classroom work. For example, after students had revised their models 
of the movement of odors in a room based on experiments with air, we asked 
them how their revised models differed from their previous models and why the 
revised models were better. Contextualized questions such as these can be more 
productive in eliciting students’ ideas than more abstract questions such as “why 
do you (or why does a scientist) revise models?” Students can draw on their 
experiences to justify why their revised models are better. Our scoring requires 
the integration of performance and metaknowledge – students who understand 
the movement of the particles and can build a better model but lack a 
sophisticated understanding of why their new model is better (other than “it’s 
more correct”) are distinguishable from students who can connect their 
modeling decisions to the importance of features such as the generality of the 
model, its utility in making new predictions, or the presence of a more complete 
causal mechanism. 
 Providing varying degrees of scaffolding in assessments. Another important 
challenge in designing written items or interview questions is how much 
scaffolding should be provided to support students’ responses. Even in grounded 
assessments, students may not justify their decisions explicitly without prompting. 
Indeed, it may be challenging for students to give rationales for their performance 
of elements of modeling practice even when directly questioned in interviews. 
Students are much more familiar with questions targeting particular scientific 
content knowledge than with questions asking for a rationale for their decisions 
about a scientific practice. Interview questions about what the students considered 
in the construction of their models may not elicit all their construction decisions. 
Because our learning progression is about reflective practice, which comprises both 
doing and understanding modeling practice, information about only one of these 
aspects is insufficient to firmly locate students’ at particular levels. 
 However, specific prompting about decision rationales has disadvantages as 
well. For example, following an open-ended interview question with the question 
“Did you use any of the information from the scientific experiments in constructing 
the model and if so, how?” prompts students to think about the relationship 
between the model and the empirical data, even if that consideration was not part 
of their original decision-making. Thus there are trade-offs between the more open-
ended question (with a wider range of possible responses) and the more targeted 
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question that may over-represent what students thought about in performing the 
practice. The best strategy is to attempt to triangulate across students’ responses to 
written assessments and reflective grounded interviews, the rationales they provide 
in classroom discourse, and improvements that appear in their modeling work over 
time (Baek & Schwarz, 2011; Zhan, Baek, Chen, & Schwarz, 2011). 
 Teasing apart content and practice. A central challenge in assessment design 
for a scientific practice concerns the relationship between content and practice. 
There are several key issues here. First, it is important to differentiate improvement 
in the substance of students’ models from more general improvement in modeling 
practice. For example, as students learn more about the particle nature of matter, 
they shift from representing matter as continuous to representing matter as particles 
with empty space between them (Smith et al., 2006; Stevens, Delgado, & Krajcik, 
2010). These models are indeed more sophisticated and reflect important learning. 
However, improvements in the model may not be linked to improvements in the 
modeling practice; rather, students may have learned more about what matter is 
made of. Thus it is important to distinguish learning about specific scientific 
explanations, such as learning about the particulate nature of matter, from learning 
something more general about modeling practice, such as the importance of 
representing process and mechanism in a model. 
 Second, it is possible that limitations in proficiency with the scientific content 
may lead to under-representation of students’ growth in modeling. For example, 
perhaps students have clear ideas about the importance of providing a mechanism 
that accounts for changes over time, but they do not understand a particular 
phenomenon well enough to speculate on a mechanism that could explain their 
observations. This is a more difficult problem. One strategy is to code for the 
presence of a mechanism in students’ models independently of whether there are 
scientific inaccuracies. However, this is only a partial solution because lack of 
candidate explanatory concepts and lack of confidence in their explanations may 
keep students from speculations about a mechanism in their models. 
 Our construct maps attempt to address these issues by looking for improved 
performance guided by appropriate rationales. Students should advance beyond 
saying “our new model is better because it has particles” to justifying how a model 
of particulate matter fits the evidence better. Thus, if the growth we uncover is 
apparent, not only in the substance of the model but also in the rationales students 
provide, we can attribute these improvements to increased understanding of 
modeling. 
 The use of grounded interview and assessment questions helps tease out which 
model improvements seem linked to improvements in the reflective practice of 
modeling. For example, many elementary students move from literally depicting an 
open container that lost water through evaporation to representing small, invisible 
particles of water moving into the air (Baek et al., 2011). When this improvement in 
modeling is accompanied by changes in students’ views of what models do, there is 
evidence for more than simply a gain in content knowledge. For example, compare 
these two rationales (from two fifth grade students’ post-unit interviews about 
models). One student commented that “a model would [be] like an actual Coke can 
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with water on the side, or a picture of it, that is more detailed and colored …” In 
contrast, the second student’s response is more representative of those after the 
modeling unit since it focuses on the explanatory power of the model: “because it 
just doesn't show a picture or a diagram. … It doesn't just show it, it explains.” The 
second student appears to consider different criteria for what a model needs to do 
and offers these criteria as rationales for how the new model is an improvement. 
The grounded questions allow us to avoid students’ unfamiliarity with new content 
or the challenges of decontextualized questions that might not fully reveal what they 
can do. However, this strategy does not solve the problem of students’ answers on 
pretests that under-represent their knowledge about modeling if their unfamiliarity 
with content keeps them from speculating on possible explanatory mechanisms. 
 Another strategy we have explored is “neutral context” questions that are set in 
contexts outside the topic of study. For example, we asked students to describe the 
strengths and limitations of several models a scientist uses to explain what a plant 
needs to grow. These questions, combined with the other measures, allow us to 
distinguish learning about content from learning about the practice. If students can 
more effectively critique models of plant growth after a modeling unit on unrelated 
science content, such as light or the nature of matter, this improvement appears due 
to what they have learned about developing and evaluating models. 

CHALLENGES IN ANALYZING STUDENTS’ WORK AS THEY ENGAGE IN 
MODELING PRACTICE TO REVISE THE LEARNING PROGRESSION 

We are using findings from classroom enactments to test and revise our initial 
learning progression. We have attempted to triangulate findings from analyses of 
written assessments, student interviews, classroom artifacts, and classroom 
conversations to assess students’ level of modeling practice and to examine 
whether and how this level improves with more experience with the practice. Our 
analyses revealed some limitations in our original construct maps arising from our 
attempt to use only two dimensions to characterize modeling practice. In this 
section, we describe the challenges that emerged in our attempts to use the learning 
progression to analyze students’ work as they engage in modeling practice. We 
also discuss the strategies we used to revise the construct maps that comprise the 
learning progression in response to these analyses. 

Challenges in Analyzing Students’ Work as They Engage in Modeling Practice 

Students’ work matching indicators from different levels. Students’ work as they 
engaged in modeling practice sometimes appeared to be situated across levels, 
matching indicators from both levels. For example, we found that some students’ 
work matched at least one Level 2 descriptor since these students constructed and used 
models that included non-observable processes, mechanisms, or components (one 
aspect of Level 2 in the generative construct map). Yet some of the same students 
appeared to consider the model’s purpose as a veridical illustration of phenomena 
(e.g., including particles that can only be seen with a powerful microscope), an 
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indicator at Level 1. We found other difficulties in aligning indicators across levels. 
For some students who used non-observable processes or mechanisms in their models 
(Level 2), the use of evidence to support their models was not explicit in either their 
models or their associated rationales, which is an important factor in distinguishing 
between Levels 2 and 3 of the generative construct map. 
 In general, the level of students’ responses to modeling tasks and accompanying 
rationales sometimes varied, depending upon the indicator considered – the source 
of the evidence (authority or empirical evidence), the nature of the explanation 
(description, a vague sense of explanation, or a more precise sense of process and 
mechanism), or the generality (versus literalness) of the model. Individual student 
responses in assessments and interviews did not always provide enough information 
to allow us to distinguish between levels across these indicators. Their responses 
sometimes matched different levels for different indicators. Thus it was difficult to 
decide where to locate students’ work as they engaged in modeling practice and  
to identify the key aspects of each level. This difficulty suggests that we combined 
too many indicators in each construct map. We conclude that different aspects of 
understanding within the same dimension should be teased apart to better analyze 
students’ modeling practice. 
 Practice and metaknowledge not always evident together. Students’ work as 
they engaged in modeling practice sometimes included only elements of practice or 
only elements of metaknowledge, but not both. For example, Level 1 student 
models occasionally included literal components as well as some non-visible 
components or processes. If the students provided no rationale for the inclusion of 
various components and there was no follow-up to augment the item or interview 
prompt, it was difficult to distinguish between Levels 1 and 2. These cases reinforce 
the importance of including probes to reveal the reasoning that underlies students’ 
actions and the importance of not relying only on the substance of students’ models 
to ascertain their level of proficiency with the practice. 
 Ambiguity in language of students’ justifications. Sometimes there was 
ambiguity in students’ language (such as in their use of the words “explain” and 
“detail”). This ambiguity makes it difficult to interpret students’ work as they 
engage in modeling practice since the meaning of these words varies widely across 
contexts and over time. Many students discussed how they developed their model to 
“explain.” However, “explain” sometimes meant illustrate and at other times meant 
provide a mechanism. For example, when one fifth grade student was asked after 
instruction, “Would you call this [example drawing] a model?” he responded: 
“Because it does explain something in its own way. … It explains like solids, liquids 
and gas. It explains the key. It explains what’s happening to the strawberry banana 
orange juice.” This response demonstrates how the meaning of “explaining” ranged 
from “illustrating” (the model depicts particular components like solids, liquids, and 
gases; the model includes a key) to “depicting what is happening” – a Level 2 
response. In other cases, students use “explaining” to mean showing a process or 
mechanism, contrasted with simply “showing something.” Similarly, for some 
students, the words “more detail” at first meant simply providing more information, 
but later meant more relevant detail that was useful in explaining. 
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 Such ambiguity in students’ language about their practice is not surprising. Part 
of engaging in a practice involves developing particular norms, expectations, and 
ways of behaving, all of which require specialized use of language. In science, this 
specialized language overlaps with everyday language, for example, in the use of 
words such as “evidence,” “explain,” “argue,” “know,” and so on. However, these 
words begin to acquire more specialized and nuanced meanings as students engage 
more deeply in particular scientific practices. Thus analyzing students’ reflective 
practice requires going beyond the use of particular words (such as “explain” versus 
“show”) and analyzing their work for evidence of particular shades of meaning. 
 Variation in the extent to which questions encouraged more sophisticated 
practice. Students’ work as they engaged in modeling practice seemed influenced 
by the opportunities for reflective practice in the assessment items. Some questions 
and activities explicitly required students to apply their models in new contexts, an 
important characteristic of Level 3. However, even if students successfully applied 
their models to these new contexts, it was not always clear whether they fully 
understood the role of models as tools for generating thinking. Additionally, when 
students used more general components, as well as relationships between 
components in the model, in their applications to new contexts, it was not clear that 
they understood that the model provided more power to explain additional aspects 
of a phenomenon. We also found some curricular materials gave students the 
opportunity to consider alternative and multiple representations for modeling 
components while other materials did not. As a result, there were limited 
opportunities to engage in modeling practice at Level 3 through classroom artifacts 
and conversations. These findings suggested the importance of triangulating 
interpretations of student performance across a range of tasks that include sufficient 
opportunity to engage in the more sophisticated aspects of the practice and probing 
to examine students’ rationales for making potentially more sophisticated decisions. 

Revising the Learning Progression to Address These Challenges 

One particularly salient challenge is that students’ work as they engaged in 
modeling practice included multiple features that were not captured by our initial 
two construct maps. To address this challenge, we continued to unpack the construct 
maps to describe several subdimensions of student work. We extracted the primary 
features that seemed to distinguish between levels of student performance and used 
them as subdimensions for both construct maps. These subdimensions included 
prevalent themes in students’ work as they engaged in modeling practice, such as 
attention to audience or to evidence. We created four subdimensions that fit both the 
generative and dynamic construct maps. Our addition of the subdimensions 
addressed some challenges in analyzing students’ work that included multiple 
features. In order to revise the construct maps and determine the important 
subdimensions, we looked for exemplar student work for each subdimension. This 
search allowed us to revise and clarify categories and levels. In this section, we 
illustrate the motivation for and the nature of these new subdimensions by focusing 
on Levels 2 and 3 of our revised generative construct map. The summary 
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descriptions of each level from the original construct map (Table 1) are shown in 
Table 2, followed by their unpacking through four subdimensions. 

Table 2. Four Subdimensions of Levels 2 and 3 of the Generative Construct Map. 

 Level 2 Level 3 

Original 
Description of 
Level 

Students construct and use a model to 
illustrate and explain how a 
phenomenon occurs, consistent with 
the evidence about the phenomenon. 
Students view models as means of 
communicating their understanding of 
a phenomenon rather than as tools to 
support their own thinking. 

Students construct and use 
multiple models to explain and 
predict additional aspects of a 
group of related phenomena. 
Students view models as tools 
that can support their thinking 
about existing and new 
phenomena. Students consider 
alternatives in constructing 
models based on analyses of 
the different advantages and 
weaknesses for explaining and 
predicting these alternative 
models possess. 

Underlying 
Subdimensions Students construct and use models… 

A. Attention to 
the model’s 
level of 
abstraction: 
i. Literalness 
vs. salience 
ii. Specificity 
vs. generality 

i. …as a means to show things that are 
inaccessible to their senses because of 
scale differences. 
ii. …to apply the model to new cases, 
without making the model applicable 
to a range of phenomena. 

i. …by combining 
components from more than 
one model. 
ii. …to make the model 
applicable to a range of 
phenomena. 

B. Attention to 
audience and 
clarity of 
communication 

…considering how well the model 
reflects the model creator's thinking or 
how well the model can be understood 
by others (no attention to the specific 
type of understanding).  

…considering how well the 
model communicates ideas of 
evidence and mechanisms to 
others. 

C. Attention to 
evidence or 
authority 

….drawing support from learned 
content knowledge, authority, or 
empirical evidence.  

….drawing support from 
empirical evidence, with 
justification for how the 
evidence supports particular 
claims about the model's fit 
with the phenomena. 

D. Nature of 
relationship 
between model 
and phenomena 

…based on a vague sense of 
explaining or predicting, without 
specific attention to capturing process 
or mechanism. 

…attempting to represent 
mechanism or process to 
explain and predict 
phenomena. 



CHRISTINA SCHWARZ, ET AL. 

124 

 Attention to the model’s level of abstraction. The first subdimension evident 
in students’ work concerned the issue of literal similarity versus generalization of 
the phenomena. In other words, students moved from viewing models as literal 
depictions to understanding the importance of showing what is important, even if 
these aspects are not apparent. As an example of the latter, during instruction a 
fifth grade student was asked about his model of the interaction between light and 
matter: 

Interviewer: What makes something a model? 
Student: I think it's a model if it has the real stuff. Like it's not fake. It needs 
to be accurate. It needs to show what's happening. Like this here - it's 
showing that all four criteria are met to see [a light source, a detector of light, 
an object to reflect the light, and an unbroken path]. And it could be a replica 
of it. So this is a replica of seeing. 
Interviewer: What do you mean by replica? 
Student: A scaled-down model. Smaller. Or even see stuff that you can't. 

Here the student refers to the criteria that the class decided were important for 
seeing an object. The student goes beyond viewing models as literal depictions, 
and refers (indirectly) to what models need to show (“the four criteria met to see”). 
The student also indicates models can be “a scaled-down” version used to “see 
stuff that you can’t [see].” 
 We have also seen developing attention to generality in students’ understanding 
that models should apply to new cases. In the following example, a fifth grade 
student during instruction suggested removing a particular feature in the 
evaporation model (a light) and replacing it with something more general (because 
objects other than a light source can produce heat): 

Interviewer: Are there any changes you could make to your model (of 
evaporation) to make it better? … What kind? 
Student: Remove the light and add an explanation because anything can 
produce heat. 

 Attention to audience and clarity of communication. A second 
subdimension that emerged in students’ work is attention to audience and to the 
clarity of communication. This dimension reflects how students attend to 
potential audiences for their models and to how well the model communicates to 
those audiences. At Level 2, this dimension includes students’ consideration of 
how well the model reflects the model creator’s thinking or how well the model 
can be understood. At Level 3 the students consider more specific criteria for 
helping others understand, namely communicating evidence and mechanisms. 
For instance, a sixth grade student during instruction stated: “I would use my 
model to explain my ideas…. Well, I do use my model to explain my ideas 
because it’s something I created that I think how I, in my opinion, would think 
that something might look.” This response reflects Level 2 on the audience 
subdimension, showing that the student sees that the purpose of the model is to 
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reflect her thinking. Similarly, a fifth grade student during instruction 
commented that scientists “use models to help them figure out something or help 
other people understand it.” After the evaporation/condensation modeling unit, 
another fifth grade student referred to her use of the model, in a more 
sophisticated Level 3 fashion, as communicating a mechanism (the speed of the 
moving particles) that explains phase change: 

Interviewer: What were you doing when you were using your model? How 
did you use your model in class? 

Student: Um, well, I used it to explain evaporation. 

Interviewer: OK. How did you use it to talk to your group members about it? 

Student: Um, well, I showed the molecules and pointed out how they weren't 
moving as fast as these ones. 

 Attention to evidence or authority. A third subdimension observed in 
students’ work relates to the nature of support students used to construct their 
models. This support included prior knowledge, observational or empirical 
evidence, and authoritative sources such as a reading or the teacher. As an example 
of Level 2 of this subdimension, a fifth grade student after instruction described 
how he constructed the model based on the experiments conducted in class during 
the evaporation/condensation modeling unit: 

Interviewer: Did you include any of the evidence of the experiments in any 
of those models? 

Student: …Condensation, I think … we did, because we had evidence 
because it did collect onto the bottle from the air because it’s in a sealed type 
thing where it had only air. It was just a cold bottle. 

Students often did not prioritize empirical evidence, apparently viewing 
information from books and teachers as on par with empirical evidence. For 
example, a sixth grade student stated during the unit: “After you get the 
information, then you can make the model… The information that comes from the 
book or whatever you learn about.” 
 Some students were able to provide more advanced (Level 3) rationales related 
to this subdimension, including justifying why empirical evidence supported 
constructions of or revisions to a model. For example, after the unit, a fifth grade 
student justified his model changes by referring to an experiment with hot and cold 
water in which the class discovered that both hot and cold water evaporated, but 
that hot water evaporated more quickly: 

Interviewer: What made you decide to do those changes? 

Student: Because we did a few experiments like that hot and cold water one. 
For the hot and cold water I saw that even after that it was still evaporating. 
So then when I looked back to that one I knew it was wrong. So for the next 
one I drew the water evaporating the whole time. 
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 This subdimension presents challenges for students learning the practice of 
scientific modeling. While this scientific practice prioritizes the use of evidence to 
build knowledge over authoritative sources that provide answers, this privileging of 
evidence is unfamiliar to students. Thus it is not surprising to find that students 
lump evidence with information from teachers and textbooks. Students in 
traditional science classrooms are more accustomed to reporting what they know 
(i.e., the answers) than how they know it (i.e., the justifications) (Berland & Reiser, 
2011; McNeill et al., 2006). 
 Nature of the relationship between models and phenomena. We have also 
observed students reflect on the relationship between their models and phenomena, 
as well as on the explanatory nature of their models. This is reflected in the fourth 
subdimension. At Level 2, students highlight the purpose of a model as an 
explanation of something about a phenomenon but with an unarticulated sense of 
what it means to explain. For instance, during a focus group interview, a student 
toward the end of the IQWST sixth grade chemistry unit stated: “Using a model, 
you can explain something that’s going on, like we did with the air. We made 
models of what’s going on in the air.” At other times, students at Level 2 on this 
subdimension were more specific about the relationship between the components 
of the model. The following exchange occurred in an interview during the IQWST 
sixth grade physics unit: 

Interviewer: Can you tell me a little bit about the drawing that you made 
here [the student’s light model]? 

Student: Well it is showing, it's explaining everything that light can do. Here 
it's reflecting, here it's transmitting, and later it absorbs. Here it is reflecting 
off a tree, and this person standing here can actually see it because the light is 
entering her eyes. Over here it shows shadowing because light is being 
blocked there. 

 We coded responses as Level 3 when students incorporated a mechanism into 
their models that made explicit how the relationships between model components 
led to the observed phenomena. In the next example, in a class that had just begun 
to identify empty space (which they called “nothing”) as important, a student in the 
IQWST sixth grade chemistry unit justified the importance of empty space between 
particles in a model of odors traveling through air: 

Teacher [pointing to the space between particles in the model on the 
whiteboard]: Nothing! So why is nothing [empty space] there, in the middle 
of the molecules, able to help me realize why the particles can be 
compressed, how there’s nothing there? [Student]? 

Student: Because since there’s nothing there [it] can show like the spaces in-
between the particles. And when they’re compressed, they go together, and 
then there’s like less of that space. But when they expand, they spread apart 
and there’s more of the “nothing.” 

 There are several challenges in analyzing students’ work as they engage in 
modeling practice with respect to the model-phenomena relationship depicted. 
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While sometimes it is feasible to distinguish between models constructed using a 
vague sense of “explaining something” (Level 2) and models involving more 
precise explanations through inclusion of components representing processes or 
mechanisms (Level 3), the distinction is not always clear. Students’ rationales are 
frequently limited and sometimes ambiguous. For example, students may  
provide a more sophisticated mechanism or process in their model but give a 
limited rationale for the use of the correspondingly sophisticated model-
phenomenon relationship. As in other cases, it is important not to  
assume that the improved model means a more sophisticated understanding of the 
practice. 
 Future work with the subdimensions. We continue to try to better understand 
how to clarify the different subdimensions as we analyze students’ modeling work 
with respect to these subdimensions. We also continue to analyze the role of 
content (for example, explanatory components in some science topics might make 
it easier for students to improve in the model-phenomena relationship 
subdimension) and scaffolding (probing for adequate rationales) in students’ work. 
Thus we are exploring students’ work as they engage in modeling practice across 
assessment measures (written assessment items, interviews, class talk) in different 
contexts (different science topics and levels of scaffolding). Finally, the distinction 
between levels (such as that between Levels 2 and 3) remains relatively coarse. We 
continue to work on determining how to trace shifts in students’ practice within a 
particular level as well as across levels by conducting finer-grained analyses of 
students’ engagement in modeling practice. We are also examining the empirical 
relationships between these four subdimensions. We continue to test the 
subdimensions of the construct maps against the data from classroom enactments. 
 Overall, the subdimensions present a more detailed consideration of the 
reflective practice than that represented in our initial construct maps. The 
subdimensions are important for capturing changes in students’ reflective practice. 
While there are still many challenges with evaluating students’ work as they 
engage in modeling practice, this finer-grained framework allows us to determine 
how to provide better support for learners through the design of more effective 
curriculum materials and instruction. 

SUMMARY OF CHALLENGES IN DEFINING A LEARNING PROGRESSION FOR A 
SCIENTIFIC PRACTICE AND IMPLICATIONS FOR FUTURE WORK 

In this section, we summarize the challenges we have faced and the implications 
for learning progression research on scientific practices, as well as more general 
implications. Within the challenges and implications, we discuss two clusters of 
related issues – (a) analyzing a practice that combines performance and 
metaknowledge and (b) the design research nature of learning progression research. 

Supporting and Assessing Reflective Practice 

Theoretical and methodological challenges arise when developing a learning 
progression for a scientific practice. A particular challenge arises in the 
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commitment to developing a learning progression for reflective practice – the 
integration of the performance of elements of the practice with underlying 
metaknowledge. We assess the combination of students’ performance of elements 
of modeling practice and metamodeling knowledge so as to avoid teaching and 
assessing routine procedures on the one hand and decontextualized understandings 
about the nature of science on the other hand. However, the focus, breadth, and 
number of elements in our construct maps make the associated tools for analyzing 
student work more complex. We have outlined several difficulties in analyzing 
gains students make in the practice. It is not convincing to rely solely on students’ 
general articulations of metaknowledge in response to surveys or interviews that 
focus on general epistemological and nature of science questions. Instead, we look 
for performance accompanied by indicators of related understanding as reflected in 
our construct maps (Tables 1 and 2, Appendix). We try to guard against unduly 
crediting some types of improved student modeling work as indicating 
improvement in reflective practice. We do not want to interpret improved rote 
performance as improvement in reflective practice. Nor do we want to assume 
improved model substance necessarily indicates increased understanding about the 
practice. We also deal with challenges related to the opportunities for students to 
engage in reflective practice in current classroom contexts. 
 Distinguishing reflective practice from rote performance. Our goal is to 
support and evaluate science as reflective practice. Thus we analyze metamodeling 
knowledge as used in performance of modeling practice. This analysis requires 
investigating how students construct, use, evaluate, and revise models in particular 
content domains. We have described several cases where we attempt to avoid 
crediting students with improved reflective practice if they show improvement in 
performance of the practice without understanding. One example is teachers’ 
repeated instructions to students about labeling their diagrams in particular ways. 
Thus students’ labels – without accompanying justification – would not receive 
credit with respect to our construct maps. In addition to the labels, we also look for 
students’ comments about how labels clarify important components of the 
mechanism or how labels help the audience construct a chain of cause and effect. 
 Distinguishing improvements in practice from increased content knowledge. 
Similarly, we attempt to distinguish improvement in the substance of the model 
from more general understanding of the practice. For example, as students move 
from viewing air as continuous matter to viewing it as consisting of particles, they 
reflect this change in their models. The new models clearly show improvement in 
their ability to account for phenomena. A student’s model might explain that an 
odor spreads across a room because the odor particles collide with air particles and 
eventually spread (diffuse) across the room. However, this model does not 
necessarily mean students have developed more sophisticated ideas about the 
importance of including mechanisms in their models. We also want to see students 
justify that the new model represents an improvement because it explains, in a step-
by-step fashion, what happens to the odor. One strategy for addressing this issue is 
to use neutral content assessment items where the modeling task is embedded in 
scientific phenomena that are not the content focus of the modeling unit. 
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 The opposite interpretation problem may also occur. Because of the link 
between content knowledge and students’ modeling practices, we may 
underestimate students’ proficiency with the latter. It is possible that 
unfamiliarity with the target domain makes students hesitant to speculate on 
possible mechanisms even though they may realize that mechanistic 
explanations are a goal of modeling. A partial response to the problem is to code 
the scientific accuracy of students’ mechanisms separately from whether they 
attempt to include a mechanism in their model and whether they can describe 
the importance of the mechanism. However, the possibility remains that 
students may hesitate to speculate if they lack confidence in their knowledge of 
the domain. 
 Tension between the scientific practice and prevalent classroom norms. 
Scientific practices entail a system of norms, expectations, and ways of acting that 
may conflict with classroom and school norms. Many researchers have written 
about the need to move from structuring classrooms in which students are 
consumers of knowledge provided by authority to structuring classrooms in which 
students are members of a community of learners who build, evaluate, and refine 
knowledge according to the practices of an intellectual community (e.g., Bielaczyc 
& Collins, 1999; Brown & Campione, 1994; Driver, Newton, & Osborne, 2000; 
Herrenkohl, Palincsar, DeWater, & Kawasaki, 1999). Challenges arise when 
encouraging learners to engage in scientific practices that require that they 
constructively argue with peers, take the role of authors of knowledge, and 
recognize that knowledge is continually refined. 
 The divergence of scientific practices from traditional classroom practices also 
creates challenges for analyses of students’ work as they engage in modeling 
practice. First, the emphasis on models as the target of sense-making moves 
beyond simply predicting or capturing regularities in equations or recounting what 
happens in a particular scientific phenomenon. Instead, modeling focuses students 
on developing mechanistic explanations of how and why something happens. Many 
reforms call for this type of deep understanding. However, such reforms require a 
shift in the perspective of learners in terms of what constitutes an answer to  
a scientific question. Second, our attempt to document reflective practice relies on 
students’ rationales for their decisions. Rather than focusing solely on answers, 
students need to justify why they made particular decisions while engaging in the 
practice. Furthermore, documenting students’ modeling work relies on the idea that 
students’ engagement in the practice is driven by what makes sense and has value 
in the community rather than by what they are directed to do by the curriculum and 
by teachers. Thus the nature of students’ attitudes within a scientific practice 
differs from those within traditional classroom practices in which students view 
learning science as repeating fixed answers to questions. 
 Viewing practice as “doing with understanding” (Barron et al., 1998) and as 
reflecting attitudes and expectations creates challenges for support and assessment. 
However, a reduction of the practice to simply knowledge or skills would diminish 
the importance of engaging learners in the meaningful knowledge building in 
science (NRC, 2007, 2009). 
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Developing Learning Progressions Is Design Research 

A second set of challenges concerns the necessary nature of research to define, 
investigate, and revise a learning progression. A learning progression can be 
viewed as a hypothesis (Alonzo & Steedle, 2009; Wilson, 2009). However 
empirical investigations of a learning progression are not best viewed as 
“hypothesis testing” in the typical sense of this research approach. Learning 
progressions are conjectures about the potential paths learning can take. The 
learning progression is a hypothesis about how complex learning goals (e.g., an 
understanding natural selection or the nature of matter) can be built from 
constituent understandings. The learning progression presents the important 
elements of a target idea or practice and identifies productive, intermediate 
stepping stones that lead to advances in reasoning, upon which more sophisticated 
versions can be built with appropriate support. 
 The assumption explicit in work on learning progressions is that multiple 
pathways are possible in movement toward more sophisticated understandings. 
Furthermore, a learning progression is not a hypothesis about necessary stages of 
understanding through which learners inevitably progress. Learning progressions 
are contingent on (1) learning experiences students encounter and (2) support for 
making sense of those experiences (Lehrer & Schauble, 2009). The learning 
progression hypothesis includes the elements of knowledge and practice and 
descriptions of how these elements can build on one another through productive 
pathways. 
 Moreover, part of the work of defining a learning progression involves 
identifying the particular substance of the learning target. Even if there is 
agreement (e.g., from national and state standards) that particular scientific ideas, 
such as evolution or the particle nature of matter, should be taught, the research 
program must include arguments for which aspects of these ideas are essential. 
These arguments may draw on empirical findings but may also rely on value-based 
considerations. Empirical evidence can illuminate which challenges may arise in 
reaching a particular understanding of an idea and can identify important 
component ideas that may be implicit in the target idea and, therefore, should be 
targeted for instruction (Krajcik et al., 2008). However, which understandings 
should be targeted is not just an empirical question; choices about which aspects of 
these understandings are important must also be made. For example, should 
learners construct an understanding of evolution by natural selection in advance of 
understanding the molecular basis of inheritance? Or is the construct of natural 
selection only useful if it can be built on understanding the molecular basis of 
inheritance?1 Empirical research can identify what is feasible, as well as the 
potential advantages or disadvantages of particular pathways. But empirical 
evidence cannot be used alone in arguments when value-based considerations must 
also be taken into account. 
 The need for both empirical and value-based considerations is even more 
apparent in learning progressions for scientific practices. National and state 
standards are much less explicit about which aspects of scientific practice should 
be targets of instruction; such standards identify developing and investigating 
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explanations, models, and theories quite broadly. There are many variations of 
scientific practice that could be proposed as relevant for classrooms. These 
variations might emphasize different aspects of developing knowledge in science, 
focusing, for example, on designing investigations, analyzing data, developing 
arguments, producing explanatory texts, and so on. Within any individual element, 
such as argumentation, there are multiple ways of defining the element, each 
emphasizing different criteria, such as logical consistency, empirical evidence, 
coherence, etc. (Sampson & Clark, 2008). 
 Thus defining a learning progression for a practice involves more than simply 
investigating the “best way” to reach the learning goal of a particular scientific 
practice. Part of the research program should develop research-based arguments 
for what it means to engage in that scientific practice in the classroom. This 
work combines attempts to design classroom contexts that support the practice 
with empirical investigations about what is possible and what challenges arise. 
The hypotheses investigated necessarily include commitments to what should be 
learned and initial conjectures about what reasonable stepping stones might  
look like. 
 A key challenge in this design work arises because it is not a simple 
instructional task to change the practices through which learners build knowledge 
in classrooms. As we have said, there is tension in between what counts as 
“knowing” something in science and students’ expectations about knowledge and 
authority (Herrenkohl et al., 1999; Hogan & Corey, 2001). Thus we are faced with 
the study of a practice that differs in important ways from what is currently 
present in classrooms. Dramatic changes in the way knowledge is built through 
classroom interactions can only occur incrementally and over time (Lehrer & 
Schauble, 2006). 
 The design research nature of work on learning progressions has implications 
for the nature of theories that can be built in this domain. The theories constructed 
from studies of learning progressions are arguments, supported by evidence, about 
possible pathways and their associated challenges. It would be over-interpreting 
the evidence to argue for a necessary sequence. Furthermore, it is important to 
contextualize the evaluation of these design research arguments with respect to 
the assumptions that were made about the learning target. Different 
conceptualizations (e.g., emphasizing argumentation rather than model building or 
different approaches to supporting modeling) may reveal different challenges and 
different pathways for learning. 
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APPENDIX 

A Construct Map for the Dynamic Dimension: Understanding Models as 
Changeable Entities 

Level  Description of Reflective Practice (Including Performance of Elements of the 
Practice and Associated Metaknowledge) 

4 Students consider changes in models to enhance the explanatory power prior to 
obtaining evidence supporting these changes. Model changes are considered to 
develop questions that can then be tested against evidence from the phenomena. 
Students evaluate competing models to consider combining aspects of models 
that can enhance the overall explanatory and predictive power.  

3 Students revise models in order to better fit evidence that has been obtained and 
to improve the articulation of a mechanism in the model. Thus models are revised 
to improve their explanatory power. 
Students compare models to see whether different components or relationships fit 
evidence more completely and provide a more mechanistic explanation of the 
phenomena. 

2 Students revise models based on information from authority (teacher, textbook, 
peer) rather than evidence gathered from the phenomenon or new explanatory 
mechanisms. 
Students make modifications to improve detail or clarity or to add new 
information, without considering how the explanatory power of the model or its 
fit with empirical evidence is improved.  

1 Students do not expect models to change with new understandings. They talk 
about models in absolute terms of right or wrong answers. 
Students compare their models by assessing if they are good or bad replicas of 
the phenomenon. 

 
Note. Adapted from "Developing a Learning Progression for Scientific Modeling: Making 
Scientific Modeling Accessible and Meaningful for Learners," by C. V. Schwarz, B. Reiser, 

E. A. Davis, L. Kenyon, A. Acher, D. Fortus, Y. Shwartz, B. Hug, and J. Krajcik, 2009, 
Journal for Research in Science Teaching, 46, p. 647. Copyright 2009 by Wiley Periodicals, 
Inc. Reproduced with permission of Wiley Periodicals, Inc. via Copyright Clearance Center. 
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LINDSEY MOHAN AND JULIA PLUMMER 

EXPLORING CHALLENGES TO DEFINING 
LEARNING PROGRESSIONS 

Learning progressions (LPs) in science have received considerable attention in the 
last five years, with the expectation that they will receive even more attention in 
future years (e.g., Corcoran, Mosher, & Rogat, 2009; National Assessment 
Governing Board, 2008; National Research Council [NRC], 2007, 2011; National 
Science Foundation, 2009, 2010a,b). This emerging field has been touted as one 
with great promise for improving science instruction in schools (NRC, 2007). Yet 
there are concerns about the promise of LPs. The pendulum often swings in 
education as new ideas replace once-promising ideas. The diversity among LP 
projects suggests how difficult it is to use LPs as a “basis for a dialogue” among 
various stakeholders in the science education community (NRC, 2007, p. 214). 
Therefore it is necessary to examine the diversity in LP work in order to identify its 
core identity if LPs are to have enduring influence in science education. 
 In the last few years our understanding of LPs has become clearer and our 
definitions more precise. The science education research community generally 
agrees that every LP should include some of the same characteristics, even if these 
characteristics appear in different ways. A report from the Consortium for Policy 
Research in Education (CPRE) describes LPs as “hypothesized descriptions of the 
successively more sophisticated ways student thinking about an important domain 
of knowledge or practice develops…over an appropriate span of time” (Corcoran et 
al., 2009, p. 37). The CPRE report echoes key features of LPs previously described 
by the NRC (2007) and NAGB (2006). These ideas include the following: (1) LPs 
are hypotheses about learning in a given domain; (2) LPs include Upper and Lower 
Anchors, with the Upper Anchor grounded in societal goals for learning core 
knowledge and practices in science, and the Lower Anchor grounded in the ideas 
that students bring to the classroom; and (3) LPs describe ways students may 
develop more sophisticated ways of thinking in a domain, often with support of 
specific instructional strategies. 
 It is clear that the chapter authors in the Defining Strand rely, in part, on 
established definitions and norms for LP work although they do not discuss these 
definitions and norms explicitly. In each chapter, the authors begin by asking 
similar questions about LP construction: What are the big ideas, disciplinary 
knowledge, and practices that form the backbone of the LP? How do we identify 
entry points and intermediate steps in the LP? How many levels are there and at 
what grain size? Can we observe learning performances by students given how we 
have defined and operationalized our LP? 
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 The goals of the Defining Strand are to address the common challenges that arise 
in the process of defining learning progressions and to consider the implications of 
the decisions taken in this process. Many differences among LPs do not occur 
because researchers ask different questions; rather, the differences occur because LP 
researchers have made different choices about the LPs based on a certain discipline, 
audience, or philosophy of learning. Such choices lead these researchers to describe 
learning in particular ways that may or may not align with other researchers’ 
descriptions. As a result, there is considerable discussion about LPs and their use 
among researchers and other stakeholders. For example, a LP definition that uses a 
particular set of instructional materials and learning conditions may limit the 
generalizability of this LP for large-scale purposes. For that reason, it is critical in the 
defining process to consider who will use the LP and for what purpose. 

DECISIONS ON THE LP DOMAIN: CHOOSING THE BIG IDEAS 

In defining a LP, researchers face the challenge of making the LP understandable not 
only to learning scientists, but also understandable to a broad, inevitably more 
diverse, audience. What the LP communicates is often the result of decisions made 
during the defining process. One important decision that occurs early in the defining 
process is the articulation of big ideas for the LP. Big ideas have broad explanatory 
power and can be used to shape a vision of science education in which curricula are 
designed around concepts central to the discipline. The authors of the defining 
strand offered different types of justifications for their choice of big ideas. 
Plummer (chapter 5) lists three criteria she used to choose a big idea for celestial 
motion. For Plummer, the big idea should (1) represent ways of knowing and 
understanding the universe, (2) describe explanatory models that can be learned 
beginning with a child’s observations of the world, and (3) explain multiple, 
unified astronomical phenomena such that learning to explain an individual 
phenomenon helps learners increase knowledge of the overall big idea. Gunckel, 
Mohan, Covitt, and Anderson (chapter 4) propose big ideas that center on 
knowledge and practices associated with scientific, model-based views of socio-
environmental systems. Unlike Plummer, their challenge was in defining LPs that 
span traditional scientific disciplines. For Schwarz, Reiser, Acher, Kenyon, and 
Fortus (chapter 6), choosing a big idea presents challenges because there is little 
consensus in the research community on the meaning of scientific modeling. 
Defining a LP for modeling practices required the researchers to choose a focus–in 
this case, models as a way to “embody some aspects of causal and often non-
visible mechanisms or explanatory components of phenomena” (p. 104) rather than 
data modeling, as has been proposed by other researchers. 
 In identifying big ideas, LP researchers often push against the boundaries of the 
realities in schools; this is true especially in situations where a school does not 
teach the LP content despite the importance of the domain or practice to scientific 
literacy. For example, Plummer (chapter 5) notes that many school curricula do not 
include astronomy concepts although these concepts are recognized as central ideas 
in science. Schwarz et al. (chapter 6) note that modeling is not included in most 
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school science curricula although modeling practices—as well as science practices 
in general—are important considerations in evaluations of scientific literacy (NRC, 
2011). 
 How LP researchers select big ideas in science and the focus of school science 
curricula may differ significantly. This difference may cause tension in the science 
education community. In some cases, the topical organization of school science 
curricula may not connect explicitly to underlying explanatory models. For 
example, in the school year a teacher may cover the day/night cycle, phases of the 
moon, and the seasons but not the unifying principles of celestial motion that 
connect the three phenomena. Because of this omission, Plummer (chapter 5) and 
her research group developed a LP on celestial motion. They recognized that they 
could have developed LPs for each topical area (e.g., a LP for seasons, a LP for 
phases of the moon). However, they developed a LP for celestial motion because of 
its broad explanatory power and its potential to reduce the fragmentation of topics. 
 Thus one challenge for LP researchers when choosing a big idea is the extent to 
which they allow standards and school curricula to influence their definitions. 
Because LP research is a response to perceived problems with current curricula, 
standards, and assessment practices (Corcoran et al., 2009), it is natural that LP 
researchers take a somewhat skeptical view of these resources. Their perception is 
that much of the current science curriculum is fragmented, and, as a result, may 
lead to superficial coverage of science concepts (e.g., Kesidou & Roseman, 2002). 
Aligning a LP’s domain to the current organization of standards and curricula may 
not provide the coherence LP researchers seek. Researchers must decide how to 
balance a new vision of the content and how it might be presented to students, 
while simultaneously recognizing how other participants in the science education 
community might respond to the new organization around big ideas. In short, LP 
researchers must consider the perceived usefulness and relevance of big ideas to 
other stakeholders while also considering how to bring coherence to science 
education. As the authors in the Defining Strand acknowledge, there are multiple 
ways to define the domain of their LPs. Therefore LP researchers should explicitly 
explain and justify the decisions they made in choosing the domain of the LP. 
Justifying choices about the domain of the LP is critical for communication both 
within the research community and across multiple groups with a stake in LP work. 

DEFINING LP LEVELS 

Levels are used in LPs to describe changes in student understanding in a domain. 
The use of levels in LP work resonates with earlier educational philosophies —e.g., 
developmental corridors (Brown & Campione, 1994) and zones of proximal 
development (Vygotsky, 1978). For example, Brown and colleagues first 
introduced bandwidths of competence (Brown & Reeve, 1987). Subsequently she 
described these bandwidths of competence as developmental trajectories, which are 
remarkably similar to LP researchers’ descriptions of LP levels: 

One needs to understand a developmental trajectory that grows in stepping-
stones toward mature thinking…beginning with knowledge of early precocity 
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of children as they enter preschool…One can build on this early knowledge 
by extending and refining it and at the same time concentrating on suspected 
problems of interpretation (Brown, 1997, pp. 409–410). 

Yet, as they work with LPs, LP researchers continue to wrestle with how to define 
and operationalize these levels. One of the most important tasks for LP researchers 
is capturing the complexity in student learning. It is extremely difficult to describe 
the development of learning over time, across many students, and across many age 
levels. In defining LPs, therefore, LP researchers make decisions about how to 
represent this complexity, a process that necessarily involves simplifications and 
trade-offs. In this section, we discuss three decisions LP researchers must make as 
they define and operationalize LP levels. We also discuss the influence of these 
decisions on how LP researchers capture student learning. These decisions relate to 
the grain size, composition, and research validation/refinement of LP levels. 

Deciding on Grain Size 

One decision that influences how researchers capture diversity in learning is the 
grain size of a LP. Some LPs represent discrete changes in conceptual networks 
while others represent major shifts in worldviews. Thus grain size can be thought 
of as the amount of content in a LP level or as the size of the shift between LP 
levels. Coarse-grained LPs have levels that focus mostly on salient themes and 
patterns in learning, while fine-grained LPs have levels that focus on more detailed 
descriptions of learning. Decisions about grain size affect how assessments are 
designed and how student performance is analyzed. 
 Unfortunately, there is no grain size that works with all LPs. Nor is there a 
grain size that speaks to all stakeholder groups. Schwarz et al. (chapter 6) made 
decisions on the basis of “what grain size is needed to capture change” (p. 103). 
The aspects of change that need to be captured will likely vary, depending on the 
purposes of LPs. For example, large-scale standards and assessments may require 
coarse-grained LPs. In contrast, teachers and curriculum developers may need 
fine-grained LPs that focus on details of learning in particular grades. LP 
researchers typically choose a grain size that captures critical elements of change 
in the LP. Every LP researcher must strike a balance between capturing just 
enough to describe key differences in learning but not so much that the LP is 
inaccessible to other audiences or that levels can not reliably distinguish student 
performances. Often, this balance is achieved only with several iterations of 
framework design and empirical testing that refine the levels. 
 One approach is to start with initial descriptions of levels and then use 
assessment results to revisit the decision about choice of grain size. Assessment 
results may indicate a difficulty in reliably classifying students into levels. In this 
case, levels of a fine-grained LP may be collapsed, resulting in a coarser-grained 
LP with fewer levels. On the other hand, LP researchers may find that existing 
levels do not capture important differences in student learning. When Schwarz et 
al. (chapter 6) encountered this difficulty, they added subdimensions that provided 
additional detail about student performances and more nuanced descriptions of 
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changes in students’ modeling practice. Adding this detail to the levels allowed 
them to analyze and describe student learning with greater accuracy. 

Deciding What Constitutes a LP Level 

One challenge researchers face when constructing LP levels concerns whether to 
include alternative conceptions (also called misconceptions or naïve conceptions) in 
the LP or to focus solely on scientifically correct ideas. As some LP researchers have 
found (e.g., Gunckel et al., this volume), misconceptions cannot be excluded from 
LPs because they are central to making sense of student knowledge and practices at 
different levels. Others argue that subsets of students’ misconceptions serve as 
productive stepping stones and, thus should be included in the LP levels (e.g., Wiser, 
Smith, & Doubler, this volume). However, it may be politically challenging to 
include ideas that are not viewed as scientifically correct in LPs that are used for 
purposes such as developing standards (e.g., Foster & Wiser, this volume). 
 LPs are designed to describe students’ knowledge and practices at different 
levels of learning sophistication. Because students at lower and intermediate levels 
may view the world quite differently than scientists do, alternative conceptions that 
seem scientifically illogical may make sense to students. Simply focusing on 
productive knowledge and practices may not be enough to describe the true nature 
of student learning at different levels Even though alternative conceptions are 
sometimes “dead ends” for learning, they are essential to making sense of students’ 
knowledge and practices and for deciding how to approach instruction. Alternative 
conceptions at one level can be used to make progress toward another level. For 
example, Mohan, Chen, and Anderson (2009) describe an alternative conception 
called the gas-gas or the CO2-O2 cycle. This cycle can be viewed as a 
misconception about how plants and people exchange gases in the air. When left 
unchecked, the gas-gas cycle may become a barrier to understanding matter 
exchange between air and biomass. However, the gas-gas cycle, which also 
describes students’ initial attempts at tracing matter, may be leveraged to increase 
students’ knowledge of how matter transforms between systems. 
 It seems reasonable for LP researchers to focus on describing the most effective 
approach to instruction; thus alternative conceptions may play a lesser role as LP 
levels increase in sophistication. Plummer (chapter 5) makes this point. She 
describes lower LP levels as more consistent with children's alternative 
conceptions and upper levels as more consistent with scientifically correct ideas, 
while still noting the limitations of students' ideas in relation to the scientific 
views. 
 Decisions about whether to include ideas that are not fully scientifically correct 
may need to be made in consultation with other members of the science education 
community. It may be helpful for some audiences (such as teachers or curriculum 
developers) to have additional information about the ideas that their students are 
likely to hold. In contrast, standards developers—facing pressure to include only 
correct ideas in standards—may prefer levels with greater adherence to canonical 
ideas. 
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Clarifying and Validating Levels 

Defining a LP typically requires more than one attempt. In fact, most LP 
researchers say their initial LPs are quite different from the ones they are currently 
working on. LPs are evolving frameworks that are continuously revised as 
researchers assess and model student understanding and as teachers and other 
practitioners begin to use the LP and associated materials. In this section, we 
consider three issues that LP researchers must grapple with as they work to clarify 
and validate LP levels: limitations of existing research, challenges in obtaining 
validity evidence, and the role of instruction. 

Limitations of the existing research. The research on students’ thinking and 
learning is a source of essential information for the work of defining a LP, 
particularly the lower LP levels. The work is hampered, however, when there is no 
published research for a particular topic or area. For example, Plummer (chapter 5) 
found that while some areas of astronomy have been investigated thoroughly, 
providing rich information on children’s early understandings, there is a lack of 
research in other areas of astronomy. For the big idea of celestial motion, Plummer 
found that the research does not explain clearly how students progress from their 
initial ideas to the scientific explanation–in specific topics related to celestial 
motion (such as the apparent motion of the stars or the reason for the seasons) and 
between topics (such as the rich and complex scientific understanding of how the 
motion of objects in the solar system affects our observations from the earth). In 
addition, Plummer found that the research on celestial motion topics does not focus 
on how children learn to construct explanations that account for different frames of 
reference (earth-based observations and the actual motion of objects in space). She 
also found that research has not adequately explained the role of spatial knowledge 
and reasoning in how children learn about astronomy. To fill these gaps in the 
research, Plummer has begun using classroom-based research to gain insights into 
the patterns of learning for some of these topics; however, much work remains. 

Challenges in obtaining validity evidence. At the start of the defining process, it 
may be easy for LP researchers to visualize the Upper Anchor, using guidance 
from standards, prior research, and years of experience. Yet when researchers 
search for evidence of this level in classrooms, they rarely are able to obtain 
sufficient data. For example, Gunckel et al. (chapter 4) found that only about 10 
percent of students reason at the Upper Anchor. Given this low percentage, it is 
particularly difficult for researchers to test and refine this level. Similarly, Plummer 
(chapter 5) found that very few students reason about celestial motion phenomena 
at the Upper Anchor. Schwarz et al. (chapter 6) found little evidence of Upper 
Anchor modeling practices. To respond to the challenge posed by these results, 
which are not unique to these projects, the three research groups retained their 
Upper Anchor reasoning with little refinement but designed instructional materials 
to support students in achieving targeted understandings. However, it is still 
unclear if the support provided by the instructional materials will be sufficient, if 
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the understanding described by the Upper Anchor is unrealistic, or if there are 
problems with student assessment. 

The role of instruction. Researchers’ philosophy on LP work and their approach 
to such work affect their opinions of science instruction and methods for validating 
levels. Some researchers view the Upper Anchor and the intermediate levels as 
examples that push beyond the level of learning students can achieve from status 
quo teaching. Many researchers think LPs can improve science instruction by 
reducing curricular fragmentation, by limiting the emphasis on facts, and by 
focusing on big ideas and explanatory models. The authors in the Defining Strand 
also point to limitations of the educational system in the United States. In 
particular, they focus on the limitations that affect their ability to validate ideas at 
the Upper Anchor. The lack of Upper Anchor knowledge and practice among 
students made clear that for this type of reasoning to be achieved by many students, 
instructional interventions are necessary. However, while researchers agree that 
status quo instruction is supporting Upper Anchor reasoning, questions regarding 
the role of instruction in LPs remain. 
 The validation of LPs requires specification about learning conditions 
necessary to achieve progress. Unless the assumption is status quo instruction, 
levels tend to represent ideal understanding, often achieved in ideal instructional 
conditions. Thus LPs validated in ideal learning conditions represent what we hope 
students could do given better instruction Most stakeholders in science find this 
assumption attractive since everyone supports the idea of increased learning 
achieved by efficient and effective instruction. The trade-off of defining a LP in 
this way, however, is the practical issue of recreating these ideal learning 
conditions in other contexts. If LP researchers show that students make progress 
under ideal learning conditions, how are we to replicate such learning conditions in 
other classrooms? The more requirements we set on using the LP in the classroom, 
the less likely it will be widely used  
 Another approach is to define and validate LP levels, in part, based on the 
reality of student learning in status quo instruction. When the empirical evidence 
reveals few or no students at the Upper Anchor, one reaction from researchers may 
be to align this level with the the most sophisticated learning observed. With this 
solution, enough evidence can be gathered to validate the Upper Anchor in a 
scientific domain of knowledge and practice. The approach is controversial, 
however, as many in science education argue that such an alignment sets low 
expectations, especially if more sophisticated understanding is achievable given 
better instructional support. The criticism of this approach is that the LP is defined 
by instructional reality rather than by what we hope could happen in classrooms. 

CONCLUSION 

Defining the LP domain and levels is part of the iterative design cycle of LP work. 
Researchers continuously refine their LPs through analysis of student performance, 
revision to assessments, and the use of instructional materials that support learning. 
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Classroom research and standards documents can help us construct hypothetical 
LPs. However, testing hypothetical LPs against actual student performance may 
pose various challenges that require researchers to refine the levels and shifts 
between levels. Thus LP researchers take a long-term perspective in using the 
iterative design cycle to advance their work. Yet it is this perspective that creates 
problems with their interactions with other education stakeholders. Standards and 
curriculum developers, for example, cannot afford to undergo year-after-year 
design cycles such as those used by LP researchers. Therefore, as LP researchers, 
we have to ask: When have we defined a LP sufficiently that it is ready for use? 
This is a critical question for LP researchers who hope that their LPs can be used to 
impact widespread change in science education. 
 LPs researchers trust that their LP frameworks and design products can be 
useful to many stakeholders in the science education community. The Using Strand 
of this book addresses the challenges LP researchers face in making those 
frameworks and products workable in that community. LP researchers must 
recognize that decisions made during the defining process (e.g., choice of domain 
and of grain size) have a significant effect on LPs. While there are no “right” 
choices, certain choices make the LP more or less useful. Explaining these choices 
advances the LP dialogue. 
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HUI JIN AND CHARLES W. ANDERSON 

DEVELOPING ASSESSMENTS FOR A LEARNING 
PROGRESSION ON CARBON-TRANSFORMING 

PROCESSES IN SOCIO-ECOLOGICAL SYSTEMS 

Learning progressions are descriptions of increasingly sophisticated ways of 
thinking about or understanding a topic (National Research Council [NRC], 2007). 
They provide promising frameworks for assessing students’ understanding and 
learning. In our work to develop a learning progression for carbon-transforming 
processes, we involved participants from a wide age range (fourth grade through 
11th grade) and from two countries (the United States [US] and China). We 
involved participants from a wide age range in order to develop a learning 
progression spanning naïve reasoning to sophisticated scientific reasoning. In 
addition, the study of how students progress under different cultural conditions will 
contribute to a better understanding of how students’ learning is influenced by 
culture and schooling. The diversity of participants enabled us to collect extensive 
data for the development of the learning progression, but it also created special 
assessment challenges. In this chapter, we describe these assessment challenges 
and our responses. 
 Our research involves an inquiry process of drawing inferences about what 
students know and how they progress using evidence from students’ performances. 
This process can be illustrated with the assessment triangle (Figure 1) that links 
three key elements: cognition, observation, and interpretation (NRC, 2001). 
Cognition refers to the models, theories, and beliefs about how students represent 
knowledge and develop competence in the subject domain; in the case of learning 
progression research, this is the learning progression framework. Observation 
includes the tasks or situations that allow researchers to elicit students’ thinking. 
Interpretation comprises the methods and tools used to analyze the data and draw 
inferences, possibly leading to revision of the learning progression framework and 
assessment tasks. 
 When we began this research in 2004, our learning progression framework 
and initial assessments were based on our experience with and interpretation of 
assessment data from previous research (Anderson, Sheldon, & DuBay, 1990; 
Lee, Eichinger, Anderson, Berkheimer, & Blakeslee, 1993). In the process of 
eliciting students’ understanding and interpreting students’ responses to 
assessment questions, unexpected problems often emerged. We responded to 
these problems by revising or redesigning the assessments and the learning 
progression framework itself. Therefore, we adopted the approach of design-
based research (Cobb, Confrey, diSessa, Lehrer, & Schauble, 2003; Collins, 
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• Observation includes assessment design, assessment implementation, and data 
collection. We use both clinical interviews and written assessments to elicit 
students’ ideas about carbon-transforming processes. The assessments are 
continuously revised and refined until they yield useful information for our 
understanding of students’ ideas. 

• In the interpretation phase, we develop coding rubrics to relate students’ responses 
to the learning progression framework. Graduate students and post-doctoral fellows 
working on the research project apply the coding rubrics to interview and written 
data. Reliability checks for consistency of coding are performed during this 
process. The learning progression framework is continuously revised to resolve 
disagreements as well as other problems reported by the coders. 

 We conducted five research cycles during the past six years of the project. In 
this chapter we focus on the 2008–2009 cycle. We describe the preliminary model 
of cognition that we had at the beginning of the 2008–2009 cycle. Then we 
describe the assessment challenges we encountered and our responses to these 
challenges at the subsequent observation, interpretation, and model of cognition 
phases of the iterative assessment triangle. 

PRELIMINARY MODEL OF COGNITION 

An important goal of school science learning is to develop model-based reasoning—
using models and theories as conceptual tools to analyze natural phenomena  
(NRC, 2007). After students graduate from high school, they will be responsible for 
making decisions about their personal lifestyles and about public policy. As 
consumers, voters, workers, and learners in society, their activities and decisions 
collectively impact environmental systems. In particular, as global climate change is 
becoming an increasingly serious issue, it is important for every citizen to understand 
how human energy consumption activities contribute to climate change. 
 Therefore, our learning goal for high school graduates is the use of scientific, 
model-based reasoning to explain how carbon-transforming processes contribute to 
global climate change. To elaborate on this goal, we reviewed relevant literature 
from environmental science (Long Term Ecological Research Network [LTER], 
2007) as well as national standards documents (American Association for the 
Advancement of Science [AAAS], 1993; NRC, 1996). One important focus of 
environmental science is the supply-feedback chain between human society and 
environmental systems (LTER, 2007). National standards documents emphasize 
understanding both carbon-transforming processes and fundamental principles (i.e., 
matter conservation, energy conservation, and energy degradation). We 
incorporated these two ideas in the development of a Loop Diagram (Figure 2). 
 We study students’ accounts—narratives that explain processes at multiple scales. 
The Loop Diagram, which is the Upper Anchor of our learning progression 
framework, represents scientific accounts that explain carbon-transforming processes 
at multiple scales, from atomic-molecular to global, with matter and energy 
conservation as constraints. It is constructed around three scientific elements—scale, 
matter, and energy. It also highlights two learning performances: 
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• Constraining processes with matter and energy principles 
The carbon-transforming processes are constrained by matter and energy 
principles—matter conservation, energy conservation, and energy degradation. 
In particular, two points should be noted. First, matter and energy are 
independently conserved in all physical and chemical changes. In other words, 
matter cannot be converted into energy and vice versa.1 Second, whenever 
energy is transformed, heat is always released and cannot be recovered as usable 
energy. 

 The learning progression framework describes how students progress from their 
informal ways of reasoning towards the Upper Anchor. Each iteration of our 
learning progression framework describes students’ progress using two 
parameters—progress variables and levels of achievement (Table 1). Progress 
variables are aspects of students’ overall performance that differ for students at 
different levels of achievement. Students’ learning performances relative to each 
progress variable can be ordered into different levels of achievement. Each revision 
in the iterative research cycles involves modifying one or both of these parameters. 
 We began the 2008–2009 cycle with some confidence in our general definitions 
of the levels of achievement. These levels are described in more detail by Gunckel, 
Mohan, Covitt, and Anderson (chapter 4) and in other papers (Jin & Anderson, 
2008; Mohan, Chen, & Anderson, 2009). We found that more advanced students 
were able to produce accounts in terms of matter and energy, while many 
elementary and middle school students tended to rely on force-dynamic 
reasoning—a reasoning pattern identified by cognitive linguists. Research in 
linguistics and cognitive development indicates that people construct specific ways 
of reasoning as they learn their native languages. Cognitive linguists studying 
English grammar (Pinker, 2007; Talmy, 2000) and Chinese grammar (Dai, 2005; 
Lai & Chiang, 2003) suggest that both languages have implicit theories of cause 
and action: force-dynamic reasoning, which explains events in terms of actors, 
enablers, and results. 

• Actors: Actors have internal goals and abilities/tendencies to take certain 
actions. Living actors such as plants and animals have internal self-serving goals 
and the ability to act toward those goals—to grow, maintain health, and move. 
Machines and flames also have the ability to act—to move or keep burning—
but they need human actors to initiate the change—driving the car or igniting 
the flame. Dead plants and animals lose their ability to act and thus will change 
only by being acted on by actors or by “running down”—decaying. 

• Enablers: Although actors have the ability to take certain actions, they need 
enablers to make changes happen. Each actor needs particular enablers. For 
example, people need air, water, and food to stay alive. Without them, people 
suffocate, dehydrate, or starve, and finally die. Similarly, plants need sunlight, 
water, soil, and air; flames need fuel, heat, and air; and so forth. 

• Results: The actor uses enablers for certain actions or changes towards its 
natural tendency. The actions, or changes in general, cause certain results—the 
living or moving actor fulfills its goal or the dead actor deteriorates. 
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 Scientific accounts share this general framework but with the meanings of each 
part substantially altered. Scientific accounts treat both actors and enablers as 
chemical entities, the composition and structure of which are explained in terms of 
matter and energy. The interactions between actors and enablers are not about 
actions and results, but about matter transformation and energy transformation at 
three scales—atomic-molecular, macroscopic, and global. In brief, scientific 
accounts are constructed around scientific elements—matter and energy at multiple 
scales. Students who have rich school science learning experiences may use matter 
and energy to construct accounts, but their accounts often indicate misconceptions. 
(This is Level 3 of our beginning learning progression framework, as shown in 
Table 1.) 
 The four levels of achievement are: 

• Level 4 is defined as scientific accounts that are built upon model-based 
reasoning—tracing matter and energy within and across carbon-transforming 
processes at multiple scales. This model-based reasoning is illustrated in the 
Loop Diagram (Figure 2). 

• Level 3 is defined as school science accounts that involve atoms, molecules, and 
energy forms but do not successfully conserve matter or energy. 

• Level 2 is defined as force-dynamic accounts with hidden mechanisms that 
explain environmental events in terms of hidden processes and mechanisms but 
still focus on actors, enablers, and results. 

• Level 1 is defined as macroscopic force-dynamic accounts that describe 
environmental events in terms of actors, enablers, and results. 

 We were less confident about the other parameter in our learning progression 
framework: progress variables that we used to structure our detailed descriptions of 
the different levels of achievement. Students’ understanding is usually reflected in 
multiple dimensions of their learning performances, all of which can be used as 
progress variables. The Loop Diagram suggests two orthogonal types of progress 
variables: 
• Carbon-transforming processes that generate (photosynthesis), transform 

(digestion and biosynthesis), and oxidize (cellular respiration and combustion) 
organic matter. 

• Scientific elements—scale, matter, and energy. 

 We used these progress variables as the basis for the learning progression 
framework represented in Table 1. The learning progression framework organizes 
descriptions of each level of achievement first around the three carbon-
transforming processes: organic carbon generation, organic carbon transformation, 
and organic carbon oxidation. Under each process, there are two subordinate 
progress variables: matter and energy. We found that students’ reasoning about 
scale is implicit in their reasoning about matter and energy, so we did not make 
scale a separate progress variable. More detailed versions of Table 1, with 
individual learning performances for each level, can be found in other project 
papers (Jin & Anderson, 2008; Mohan, Chen, & Anderson, 2009). 
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Table 1. Learning Progression Framework at the Beginning of the 2008–2009 Research Cycle.  

Levels of 
Achievement 

Progress Variables 
Organic Carbon Generation Organic Carbon Transformation Organic Carbon Oxidation 
Matter Energy Matter Energy Matter Energy 

Level 4. 
Accounts 
based on 
model-based 
reasoning  

Explain plant 
growth in 
terms of 
organic matter 
generation in 
photosynthesis  

Explain plant 
growth in terms 
of energy 
transformation in 
photosynthesis  

Explain 
human body 
growth in 
terms of 
organic matter 
transformation 
in digestion 
and 
biosynthesis 

Explain 
human body 
growth in 
terms of 
energy 
transformation 
in digestion 
and 
biosynthesis 

Explain 
burning, 
running, and 
decay in terms 
of organic 
matter 
oxidation in 
combustion and 
cellular 
respiration  

Explain 
burning, 
running, and 
decay in terms 
of energy 
transformation 
in combustion 
and cellular 
respiration  

Level 3. 
School 
science 
accounts 

Explain plant 
growth in 
terms of 
changes 
involving 
glucose, 
sugar, or other 
familiar 
organic 
molecules 
May use 
matter-energy 
conversion for 
reasoning 

Explain plant 
growth in terms 
of changes 
involving energy 
forms 
May use matter-
energy 
conversion for 
reasoning 

Explain 
human body 
growth in 
terms of 
changes 
involving 
glucose, 
sugar, or other 
familiar 
organic 
molecules 
May use 
matter-energy 
conversion for 
reasoning 

Explain 
human body 
growth in 
terms of 
changes 
involving 
energy forms 
May use 
matter-energy 
conversion for 
reasoning 

Explain 
burning, 
running, and 
decay in terms 
of changes 
involving 
oxygen and/or 
familiar organic 
molecules 
May use matter-
energy 
conversion for 
reasoning 

Explain 
burning, 
running, and 
decay in terms 
of changes 
involving 
energy forms 
May use 
matter-energy 
conversion for 
reasoning 

Level 2. 
Force-
dynamic 
accounts with 
hidden 
mechanisms 

Explain plant 
growth in 
terms of 
hidden 
processes 
(e.g., making 
food) 

Explain plant 
growth in terms 
of triggering 
event (e.g., 
energy powers 
plant growth) 

Explain 
human body 
growth in 
terms of 
hidden 
processes 
(e.g., food is 
broken down; 
useful stuff is 
extracted out 
of food) 

Explain 
human body 
growth in 
terms of 
trigger event 
(e.g., energy 
powers human 
growth) 

Explain burning 
and running in 
terms of hidden 
processes (e.g., 
food becomes 
sweat). 
Explain decay 
in terms of 
hidden 
processes (e.g., 
wood changes 
into dirt) 

Explain 
burning and 
running in 
terms of 
triggering 
events (e.g., 
energy powers 
flame; energy 
powers 
running). 
Explain decay 
as a process of 
losing energy 
or power  

Level 1. 
Macroscopic 
force-
dynamic 
accounts 

Explain plant growth in terms of 
macroscopic force-dynamic 
reasoning (e.g., plants use enablers 
such as air, water, soil, and sunlight 
to grow bigger) 
Do not specify any invisible 
processes 
Do not recognize the role of matter 
or energy in plant growth 

Explain human body growth in 
terms of macroscopic force-
dynamic reasoning (e.g., humans 
use enablers such as air, foods, 
and water to grow bigger) 
Do not specify any invisible 
processes 
Do not recognize the role of 
matter or energy in human body 
growth 

Explain burning, running, and 
decay in terms of macroscopic 
force-dynamic reasoning (e.g., 
flame needs match to support it; 
dead things decay when getting old) 
Do not specify any invisible 
processes 
Do not recognize the role of matter 
or energy in burning, running, or 
decay 

OVERVIEW OF THE 2008–2009 RESEARCH CYCLE 

We began the 2008–2009 cycle with the learning progression framework described 
above. During the year, we went through each phase of the cycle: 

• Observation: We conducted interviews and written tests in the US and China 
to elicit students’ accounts of carbon-transforming processes. We conducted 
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interviews and gave tests both before and after an instructional intervention 
(described in Gunckel et al., this volume) for the US students. We did not 
conduct an instructional intervention in China. In China, 24 students  
(8 students from each school level) participated in interviews and 300 
students (100 students from each school level) responded to our written 

. These students are from urban and rural schools located in Southeast 
China. In the US, 24 students (8 students from each school level) participated 
in the pre-interviews and post-interviews; 527 students participated in the 
pre-tests (91 elementary school students, 214 middle school students, and  
222 high school students); and 543 students participated in the post-tests  
(125 elementary students, 211 middle school students, and 207 high school 
students). These students are from suburban and rural schools in a Midwest 
state. Since this chapter focuses on assessment development, we note only 
that the intervention added useful variability to our US sample. 

• Interpretation: We developed approaches to coding students’ accounts that 
revealed what we saw as significant patterns associated with differences in 
students’ proficiency and culture. 

• Model of cognition: We revised the learning progression framework in light of 
what we had learned. 

 During this research cycle, two assessment challenges became increasingly 
crucial. The first is a challenge for the observation phase: Our participants came 
from a wide range of ages (from fourth to 11th grade) and from US and Chinese 
cultures. Assessment questions that make sense to one age and one culture may be 
understood quite differently—or not understood at all—by students of another age 
and from another culture. How do we develop assessments that are effective in 
eliciting accounts from all students that best represent their ways of reasoning? In 
particular, how can we ask elementary students about the processes represented in 
the Loop Diagram when the key scientific elements of the model—matter, energy, 
and scale—are invisible to them? 
 The second challenge comes at the interpretation and model of cognition phases: 
Students’ accounts differ in many ways, but which differences are really 
important? How can we define levels of achievement and progress variables that 
provide valid and parsimonious descriptions of students’ understanding of carbon-
transforming processes at different ages and in different cultures? 
 In the next two sections we discuss these assessment challenges in greater 
depth and describe how we responded to them during the 2008–2009 research 
cycle. 

RESPONDING TO THE ASSESSMENT CHALLENGE AT THE OBSERVATION 
PHASE 

In this section we first elaborate on the nature of the challenge that we faced. We 
then describe our response to the challenge, as well as the issues we need to deal 
with in the future. 
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The Challenge: Eliciting Accounts from All Students 

In our earlier research cycles, we used questions focusing on matter and energy at 
multiple scales to elicit students’ accounts. We found that although some middle and 
high school students were able to understand questions that asked about matter  
and energy at different scales, younger students were often confused by the questions 
and therefore provided irrelevant or “I don’t know” type responses. Below is an 
example. Our intent was to find out how well students understood the roles of matter 
transformation (especially from carbon dioxide and water to glucose and oxygen) and 
energy transformation (from sunlight to chemical potential energy) in plant growth. 

Episode 1. Corn plants growing in sunlight 

(An interview with a US seventh grader in our previous studies) 

Interviewer: What are the materials you identified in this event [corn plants 
growing in sunlight]? 

May: Water, soil, and sunlight. 

Interviewer: How do they change? 

May: They change by they… give their sources to the corns for them to 
grow, the water, soil, and sunlight. They give the corn water, and soil, and … 
that help the corn plants grow. 

Interviewer: Does this event change the air? 

May: I think it does change the air, because if there are more plants growing. 
It gives the air more… It refreshes the air. It makes the air smells like corn. 
And rain also refreshes the air. It washes everything away. 

Interviewer: What are the things in the air that do not change? 

May: The thing in the air that do not change is… (Silence) You mean with 
the corn plants grow or just in general? 

Interviewer: When the corn plants are growing, what does not change in the air? 

May: Oh. It does not change the color. It does not change the air by making 
it change color. 

 In the exchange above, the interviewer recognized that the student’s account 
did not mention carbon dioxide or oxygen. In keeping with the interview 
protocol, the interviewer asked probing questions about the role of air: “Does this 
event change the air?” “What are the things in the air that do not change?” 
“When the corn plants are growing what does not change in the air?” However, 
the student did not recognize that air is required for the plant to grow. When 
asked to explain changes in air, the student focused on changes in the quality of 
the air (refresh the air) and observable properties of the air such as color and 
smell. She may not share the interviewer’s assumptions that air is a mix of gases 
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and that the matter of air changes because the tree uses it. Rather than enabling 
the student to elaborate on her own ideas about how and why corn plants grow, 
the interview protocol diverted both interviewer and student to a “dead end”—a 
series of questions about air that the student did not connect with the initial 
question about how plants grow. 
 Although we learned a lot about students’ reasoning from our interviews and 
written assessments, our data also showed us that questions designed to elicit 
students’ ideas about scale, matter, and energy did not effectively elicit force-
dynamic accounts from younger students. Thus the assessment challenge we faced 
was how to collect data on younger students’ understanding that we could connect 
to our Upper Anchor—the Loop Diagram (Figure 2). In particular, what questions 
can elicit accounts from younger students that provide evidence of their informal 
reasoning? How can we construct interview protocols and written assessments that 
are effective in eliciting accounts from all students? 

Responding to the Challenge: Linking Processes and Alternate Forms of Questions 

We responded to this assessment challenge in two ways. First, we organized our 
interviews and tests around linking processes that were familiar to students of all 
ages. Second, we developed alternate forms of questions for students from 
different age groups. 
 Linking processes. We could not organize our interviews and written assessments 
around the atomic-molecular and global carbon-transforming processes in the Loop 
Diagram (Figure 2), since they are invisible to many students, especially younger 
students. Therefore, our first step in the revision process was to organize the 
assessments around macroscopic processes that are familiar to all students. Figure 3 
shows our revised version of the Loop Diagram. It shows the same relationships 
among organic carbon generation, transformation, and oxidation as Figure 2, but it is 
organized around familiar macroscopic processes. 
 In Figure 3, processes at three scales—atomic-molecular, macroscopic, and 
global—are linked. The atomic-molecular processes in the dashed boxes 
(photosynthesis, digestion and biosynthesis, cellular respiration, and combustion) 
explain the macro-processes in the grey boxes (plant growth, animal growth, weight 
loss, using electrical appliances, driving vehicles, flame burning, etc.). These 
processes are connected by matter transformation (straight arrows) and energy 
transformation (wavy arrows): in photosynthesis, organic carbon-containing 
substances are generated from carbon dioxide and water, and light energy 
transforms into chemical potential energy; organic carbon-containing substances 
transform, and chemical potential energy is passed on in biosynthesis and 
digestion; organic carbon-containing substances are oxidized into carbon dioxide 
and water, and chemical potential energy is released in cellular respiration and 
combustion. The atomic-molecular processes are embedded in two global scale 
processes: (1) carbon (matter) cycle—carbon moves from atmosphere to 
biosphere and human socio-economic systems and then back to atmosphere—and 
(2) energy flow—energy moves from light to biosphere and then to human socio-
economic systems with heat dissipation. 
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start with a set of general questions—questions that use everyday language to ask 
about familiar phenomena. These general questions can be understood by younger 
students and yet allow more advanced students to provide brief accounts  
about scale, matter, and energy. If students’ responses to the general questions 
indicate some ideas about scale, matter, and energy, we ask follow-up questions 
that are designed to elicit more detailed higher-level accounts. 
 As explained earlier, lower-level students’ accounts are constructed around 
force-dynamic reasoning, which contains three elements—actors, enablers, and 
results. Scientific accounts share this general framework but treat actors and 
enablers as matter and energy and explain the events in terms of matter 
transformation and energy transformation at multiple scales. Hence, we constructed 
our general questions around this shared framework to elicit students’ ideas that 
may include elements of both scientific and force-dynamic reasoning. Take tree 
growth as an example. The major general questions are: 

• What does the tree need in order to grow? 
• You said that the tree needs sunlight/water/air/soil to grow. Then how does 

sunlight/water/air/soil help the tree grow? 
• Where does sunlight/water/air/soil go when it is used by the tree? 
• Do you think that sunlight/water/air/soil will change into other things inside the 

tree’s body? Why? 
• The tree gets heavier as it grows. How does that happen? 

Students can interpret these questions either as questions about transformations of 
matter and energy or as questions about an actor (the tree) and its enablers. Thus 
these questions allow students to provide both scale-matter-energy and force-
dynamic accounts. If the students’ responses to the general questions indicate more 
sophisticated understanding, we ask a set of higher-level questions to elicit more 
detailed accounts about matter, energy, and scale. Some examples of higher-level 
questions about tree growth are: 

• Do you think the tree’s body structure is made from things outside of the tree? If 
yes, what are those things? How do these things change into the tree’s body 
structure? 

• If the student mentions glucose/starch/cellulose/carbohydrates, ask: Do you 
think the molecules you mentioned contain carbon atoms? If yes, where do the 
carbon atoms come from? Where are the molecules in the tree’s body? 

• You said that sunlight provides energy for the tree to grow. Where does that 
energy go when it is used by the tree? Do you think it is used up or becomes 
other things? 

• If the student talks about CO2-O2 exchange, ask: You said that the tree needs 
carbon dioxide and breathes out oxygen. Where do the carbon atoms of  
CO2 go? 

These questions investigate how students link the macro-processes to atomic-
molecular and global processes. 



DEVELOPING ASSESSMENTS FOR A LEARNING PROGRESSION ON CARBON 

163 

 We use two examples to show how the branching-structured interview elicits 
both lower-level and higher-level accounts. Episode 2 is from an interview with a 
US fourth grader, Steve. 

Episode 2. Tree Growth (general questions and responses) 

(Pre-interview with a US fourth grader) 

Interviewer: What does the tree need in order to grow? 

Steve: Sun, water, soil, and that’s it, I think. 

Interviewer: You said that a tree needs sunlight, water. Do you think that 
these things help the tree to grow in the same way? In other words, are they 
alike or different? 

Steve: The water helps it grow bigger and the sunlight, it needs light just like 
us to grow, and the soil, that’s where it originally lived. 

Interviewer: What happens to the sunlight inside of the tree? 

Steve: (silence) 

Interviewer: How about water? What happens to the water inside the tree? 

Steve: It sucks into the roots and then it goes up, so it can make the leaves 
and the branches grow. 

The interviewer’s questions ask about the changes to water/sunlight/soil inside 
the tree. The accounts Steve provides in response to these questions are 
basically force-dynamic in nature. For example, his explanation of how water 
helps the tree grow is: “It sucks into the roots and then it goes up, so it can make 
the leaves and the branches grow.” In other words, as long as the water  
goes into the tree’s body, it makes the leaves and branches grow. This 
explanation indicates that Steve does not recognize the change of matter—water 
changing into part of the tree’s body structure in photosynthesis. Instead, he 
relies on force-dynamic reasoning and treats water as an enabler that allows the 
tree to achieve its destined result—growth in this case—through an unspecified 
mechanism. As is typical of force-dynamic accounts, Steve’s accounts are vague 
about internal mechanisms; although he is sure that the tree needs sunlight, he 
doesn’t know what the tree does with this enabler. The evidence from this 
episode shows that Steve relies on macroscopic force-dynamic reasoning to 
explain the event of tree growth. His explanation of tree growth is about how 
the actor—the tree—uses enablers such as water, sunlight, and soil to 
accomplish its purpose of growing. 
 The branching-structured interview is also effective for eliciting higher-level 
accounts. Episode 3 is from an interview with a US eighth grader, Sue. 

Episode 3. Tree Growth (general questions and responses) 

(Pre-interview with a US eighth grader) 
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Interviewer: What does the tree need in order to grow? 

Sue: Nutrients, water, sunlight, things to make it do photosynthesis. 

Interviewer: So what do you mean by photosynthesis? 

Sue: Like reproduce and get food and be able to produce carbon back or 
carbon or I mean oxygen. Sorry. 

Interviewer: So you said the tree needs sunlight. So, how does the sunlight 
help the tree to grow? 

Sue: The sunlight like gives it energy and things like nutrients and make it, 
so it grows. 

Sue’s responses to the general questions contain important elements of 
scientific accounts focusing on scale, matter, and energy as she talked about 
the process of photosynthesis and related it to carbon. However, her responses 
to these general questions do not provide enough information about her 
understanding of the atomic-molecular processes or matter and energy 
transformations. 
 Episode 4 shows how the interviewer used higher-level questions to elicit Sue’s 
understanding of matter. 

Episode 4. Tree Growth (follow-up questions about matter and 
responses) 

(Pre-interview with a US eighth grader) 

Sue: The carbon dioxide like makes it breathe. Like how we breathe in but 
they produce oxygen from the carbon dioxide. 

Interviewer: How can carbon dioxide change into oxygen? 

Sue: By the different like it’s – it goes through like the system of like the tree 
or through the system of like a body. 

Interviewer: So, if you compare carbon dioxide and oxygen, carbon dioxide 
has a carbon atom in it, right? Oxygen does not have that. So, how can’t it 
have it? 

Sue: Because like the things in carbon dioxide, it gets like – like during the 
process, it gets used as energy or used as different things to make the tree 
grow and to make it produce oxygen. 

Interviewer: You mean the carbon atom of the carbon dioxide becomes the 
energy? Is that what you mean? 

Sue: Yes. And carbon gets used for other things like carbon can go back into 
a different cycle like air. And then back into another cycle. 
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The interviewer’s probes focus on a key difference between Level 3 and Level 4 
accounts: Does Sue’s account conserve matter, indicating that she recognizes 
chemical changes like photosynthesis cannot create or destroy carbon atoms  
(Level 4), or does she have less scientific understanding about how materials can 
change into other materials, or perhaps into energy (Level 3)? Sue’s responses 
indicate that she could not account for the processes at an atomic-molecular scale. 
She suggests that the carbon in carbon dioxide “gets used as energy” and confirms 
this idea in response to a question from the interviewer. Although Sue attempted to 
use scale, matter, and energy to construct explanations of tree growth, the interview 
shows that she reasoned at an intermediate level (Level 3) rather than the scientific 
Upper Anchor. 
 Compared with the initial interview protocol, this branching-structured 
interview protocol is more successful in eliciting accounts from students with 
diverse science backgrounds. The general questions allow younger students to 
provide their informal accounts about macro-processes and also provide more 
advanced students with the opportunity to address scale, matter, and energy. By 
asking the general questions, the interviewer is able to find indicators of higher-
level understanding and to decide whether it is necessary to ask higher-level 
follow-up questions to elicit more detailed accounts. 
 Item pairs in written assessments. During the earlier research cycles, we 
developed a set of open-ended items. We have continuously revised and refined these 
items using feedback from analysis of student responses. We have found it almost 
impossible, however, to design items that elicit good responses from both Level 1 
and Level 4 students. Items worded to demand specific details about matter and 
energy transformations elicit guesses or “I don’t know” from lower-level students; 
vaguely worded items elicit correct answers from upper-level students, but these 
correct answers lack the detail necessary to judge whether the responses are at Level 
3 or Level 4. 
 Our solution to this challenge is to design item pairs. Each item pair contains 
two items that are about the same event or similar events but use different ways 
of asking questions in order to elicit both force-dynamic accounts and matter-
energy-scale accounts. Some of these item pairs are open-ended items. Others are 
two-tier multiple-choice item pairs that require the student to choose and then 
explain. 
 For example, Figure 4 shows the “grape and finger movement” item. It is an 
open-ended item asking how a glucose molecule changes to help body 
movement. In the earlier research cycles, we asked this question to both middle 
and high school students. This item proved effective in diagnosing whether and 
how students’ accounts conserve matter and energy in cellular respiration. 
Below are the responses from a US ninth grader. The student’s account 
represents an attempt to conserve matter and energy; however, instead of 
conserving matter and energy separately, the account uses matter-energy 
conversion to explain how glucose helps the finger move (characteristic of 
Level 3). 
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energy conversion for reasoning. Option c treats light energy as the power that 
triggers the process of photosynthesis; this is correct, but the energy is not used up 
as this option suggests. Options a, b, and c represent the common misconceptions 
identified from previous research cycles. They are at Level 3. Option d is the 
scientific account that successfully traces energy in photosynthesis (Level 4). 
Option e does not recognize light energy as being related to any hidden process 
involved in tree growth. Students who choose this option reason at levels lower 
than Level 3, although this version of the item does not effectively distinguish 
between Level 1 and Level 2 accounts. 
 In the example response, both the student’s choice and justification indicate an 
attempt to trace energy, but it is not clear that she distinguishes between chemical 
potential energy and matter that has chemical potential energy. Instead of 
conserving matter and energy separately, her account explains the event in terms of 
matter-energy conversion—light energy is converted into molecules (glucose and 
starches). Therefore, her account is at Level 3. 
 We have not finished revising our interviews and written assessments, however. 
The general strategies of constructing branching-structured interviews and item 
pairs are difficult to execute in practice, and they leave many aspects of students’ 
accounts insufficiently explored, such as the basis for their beliefs and the 
connections that they make between accounts of different processes. We continue 
to examine and revise our assessments, based on both the quality of students’ 
responses and the statistical indicators of item quality. 

RESPONDING TO THE ASSESSMENT CHALLENGE AT THE INTERPRETATION 
AND MODEL OF COGNITION PHASES 

In this section, we describe the assessment challenge we encountered at the 
interpretation and model of cognition phases and our responses to that challenge. 
We also discuss the persistent issues that need to be addressed. 

The Challenge: Describing and Comparing the Development of Students’ Accounts 
in Meaningful Ways 

Currently, most empirical studies of learning progressions are conducted in one 
country. In our research, we used a learning progression framework to compare 
students’ understandings under different cultural and educational conditions. We 
believe that this investigation will allow us to better understand how culture 
impacts students’ learning. In the 2008–2009 research cycle, we involved 
students from two countries (the US and China). These students use different 
languages for reasoning, have different science backgrounds, and are exposed to 
different educational approaches. Although the interview and written 
assessments effectively elicited accounts from both US and Chinese students, we 
encountered an assessment challenge as we were interpreting the data and 
revising the learning progression framework to include both US and Chinese 
students’ accounts. 
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 In our earlier research cycles, we constructed the learning progression 
framework (Table 1) around progress variables based upon scientific processes 
(organic carbon generation, organic carbon transformation, and organic carbon 
oxidation) and scientific elements (matter and energy). Based on this framework, 
we developed detailed rubrics to code students’ responses to written assessments. 
This process of coding led to both conceptual and empirical difficulties. 
 Conceptually, the descriptions of Level 1 and 2 reasoning focused on what was 
not there (scientific concepts of matter and energy) rather than what was there 
(force-dynamic accounts of actors, enablers, and results). In other words, the 
progress variables—matter and energy—do not capture students’ ways of informal 
reasoning at the lower levels. They are not valid progress variables that allow us to 
identify and describe younger students’ characteristic ways of reasoning. 
 There were also empirical questions about the usefulness of coding matter and 
energy separately. The US written assessment data show that the correlation 
between students’ achievement on the matter and energy progress variables  
was .96, indicating that our separate codes for matter and energy were largely 
redundant (Choi, Lee, & Draney, 2009; Mohan, Chen, Baek, Choi, & Lee, 2009). 
In other words, the matter and energy columns of Table 1 do not really describe 
separate progress variables. 
 At the same time, our US-China written assessments showed that rubrics based on 
the learning progression levels seemed to work better for US students than for Chinese 
students. For example, step thresholds—the level of proficiency at which a student has 
a 50% chance of being coded at one level of the learning progression framework 
versus the level above—were generally consistent across items for US students. This 
was much less true for Chinese students. Many Chinese students received higher-level 
codes—Levels 3 and 4—on some items but not on others. Thus the factors that made 
a response easy or difficult for Chinese students were different from those we found in 
the coding of learning-progression-based levels in US responses. 
 There were no strong correlations between item difficulty and specific processes 
or the matter and energy progress variables (Chen, Anderson, & Jin, 2009). That is, 
the Chinese students did not perform consistently better or worse than US students 
on matter items or energy items, or photosynthesis items or combustion items. The 
pattern of different difficulties seemed to be associated with characteristic(s) of the 
items that were not included in our 2008 progress variables. 
 Our US-China interview study (Jin, Zhan, & Anderson, 2009) suggested a 
possible explanation for the problems we encountered when analyzing the Chinese 
written data. In the interview study, we found that although some Chinese students 
were able to name scientific terms when explaining the events, they relied on 
relatively lower-level reasoning in their accounts, as illustrated in Episode 5. This 
type of performance was apparent only in the Chinese interviews. 

Episode 5. Tree Growth 

(Interview with a Chinese seventh grader) 

Interviewer: You said that the tree inhales carbon dioxide and produces 
oxygen. Could you explain how carbon dioxide changes into oxygen? 
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Peng: Water. 

Interviewer: How can water help the carbon dioxide to change into oxygen? 

Peng: Chemical reaction. 

Interviewer: Could you explain what this chemical reaction is? 

Peng: Probably water plus carbon dioxide and become C6H12O6. I don't 
know. 

Interviewer: You mean sugar? 

Peng: I don't know. How can the tree have sugar? 

Interviewer: Do you think the tree contains sugar? 

Peng: I don’t think so. 

Interviewer: Let’s see this picture. The tree grew from a small plant into a 
big tree. Its mass increased a lot. Do you agree? 

Peng: Yes. 

Interviewer: So, where did the increased mass come from? 

Peng: Water. 

Interviewer: Is there anything else? 

Peng: And nutrients from soil. 

 In Peng’s first three responses, she appears to provide a sophisticated (Level 4) 
chemical explanation that traces matter through photosynthesis, but then in the 
remainder of her responses, she reverts to what seems to be a much less 
sophisticated (Level 2) explanation. How can we capture this kind of performance 
in our interpretations of students’ accounts? 
 One hypothesis is that the scientific words the students used might influence the 
coders’ decisions. In our previous study (Chen et al., 2009), Chinese students were 
rated at higher levels for some items because these items were designed in ways 
that cued students to use scientific vocabulary. However, our 2008 framework, and 
codes based on that framework, did not distinguish between scientific vocabulary 
and other aspects of students’ accounts. As a result, many Chinese responses were 
rated at higher levels, not because the students were able to reason at higher levels, 
but because they were able to recite scientific words. This led us to think about 
alternative progress variables that might be more effective in understanding and 
comparing US and Chinese students’ accounts. 

Responding to the Challenge: Explaining and Naming as Progress Variables 

Rather than treating the highly correlated scientific elements of accounts—matter 
and energy—as progress variables, we began to explore progress variables focused 
on performance elements of accounts, which we labeled explaining and naming. 
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 The explaining progress variable is about the nature of the accounts—the 
specific reasoning that students use to explain why and how the macro-
processes happen. The explanations are always constructed around different 
types of causal reasoning. As described above, younger students tend to rely on 
force-dynamic reasoning that explains the macro-processes in terms of actor, 
enabler, and result. More advanced students begin to pay attention to scale, 
matter, and energy and to explain macro-processes in terms of changes of matter 
and energy in invisible processes. Thus we combined the separate matter and 
energy progress variables into a single explaining progress variable. At higher 
levels, the explaining progress variable includes students’ ideas about both 
matter and energy. 
 We used the 2008–2009 interview data to construct a new progress variable 
that we called naming. This progress variable focuses specifically on the 
vocabulary students use—from words that describe actors and enablers in 
informal terms to more formal scientific names for substances, forms of energy, 
and carbon-transforming processes. The revised version of the learning 
progression framework using explaining and naming progress variables is 
represented in Table 2. 
 The levels of the explaining progress variable are quite similar to the levels 
of the initial learning progression framework described above. They describe a 
line of development from force-dynamic to scientific reasoning as students learn 
to trace matter and energy through processes at multiple scales. The naming 
progress variable describes students’ use of specific words and/or phrases in 
their accounts. Logically, accounts at different explaining levels build upon 
different sets of words. For example, accounts at explaining Level 1 are 
constructed using words about actors, enablers, and results, while accounts at 
explaining Level 3 build upon words about molecules and energy forms. Based 
on this idea, we first developed four groups of words that were aligned with the 
four explaining levels. However, some words may be more familiar to students 
than other words in the same group simply because they are commonly used in 
everyday life. Hence, we added two adjusted levels—Level 1.5 (easier hidden 
mechanism words) and Level 2.5 (easier scientific words). Due to cultural 
differences, the US and Chinese versions of the naming levels are slightly 
different. One example relates to the word, “combustion.” In English, 
“combustion” is the scientific term used to refer to the chemical change. In 
everyday life, people use “burning” to refer to the same process. In Chinese, 
there is only one word “ ,” which is used in both everyday life and science. 
Hence, we put combustion at Level 3 in the US version and put at Level 
2.5 in the Chinese version. 
 Although the naming and explaining levels are aligned in a logical way, students 
may construct accounts that indicate different naming and explaining levels. We 
found that some students were able to recite higher-level words but relied on 
lower-level reasoning to make accounts; there were also students who adopted 
higher-level reasoning to make accounts but lacked the necessary words to explain 
the specific processes. 
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Table 2. Revised Learning Progression Framework. 

Explaining Progress Variable Naming Progress Variable 
Level 4. Linking 
processes with 
matter and energy 
as constraints 

Explain macro-processes by 
reasoning across scales: 
link carbon-transforming 
processes at atomic-
molecular, macroscopic, 
and global scales with 
matter and energy as 
constraints 

Level 4. 
Scientific 
statements 

MATTER: scientifically appropriate 
names for both reactants and products; 
both gases and solids/liquids named as 
material reactants or products 
ENERGY: all forms of energy 
involved in the chemical change; heat 
as byproduct 

Level 3. Changes 
of molecules and 
energy forms with 
unsuccessful 
constraints 

Explain macro-processes in 
terms of change of 
molecules and/or energy 
forms at atomic-molecular 
or global scale but do not 
successfully conserve 
matter/energy 

Level 3. 
Scientific words 
for organic 
molecules, 
energy forms, 
and chemical 
change 

MATTER (organic molecules): 
glucose, C6H12O6, monosaccharide, 
glycogen, lipid, ATP, ADP, 
carbohydrate, hydrocarbon, octane 
ENERGY (bonds, energy forms): C-C 
bond, C-H bond, light energy, kinetic 
energy (US version), electrical energy, 
chemical energy, heat energy 
PROCESS (chemical reaction): 
cellular respiration (US version), 
combustion (US version), oxidation, 
light reaction, dark reaction 

Level 2.5. Easier 
scientific words 
with mixed 
meanings  

MATTER: Fat, sugar, starch, organic 
matter, carbon, molecule, atom 
ENERGY: stored energy, motion 
energy, (motion/ kinetic energy in 
Chinese version) 
PROCESS: photosynthesis, 
decomposition/decomposer, chemical 
reaction/change,  
(combustion/burning in Chinese 
version),  
(respiration/breathing in Chinese 
version) 
OTHERS: chloroplast 

Level 2. Force-
dynamic accounts 
with hidden 
mechanisms 

Explain macro-processes in 
terms of unobservable 
mechanisms or hidden 
actors (e.g., decomposer), 
but the focus is on enablers, 
actors, and results rather 
than changes involving 
matter or energy. 

Level 2. Hidden 
mechanism 
words  

MATTER: carbon dioxide, oxygen, 
nutrients, gas (as in gas, liquid, and 
solid) 
ENERGY: calories, electricity 
PROCESS: digestion, digest, digestive 
system, break down 
OTHERS: decomposer (e.g., bacteria, 
fungi, micro organisms), cell, power 
plants 

Level 1.5. Easier 
hidden 
mechanism 
words  

ACTOR: organs (e.g., lung, stomach, 
heart), machine parts (e.g., engine, 
cylinder, piston), material 
ENABLER: fuels (e.g., gasoline, 
diesel, oil, coal, petroleum), heat  

Level 1. 
Macroscopic 
force-dynamic 
accounts 

Explain macro-processes in 
terms of the action-result 
chain: the actor uses 
enablers to accomplish its 
goals; the interactions 
between the actor and its 
enablers are like 
macroscopic physical 
pushes-and-pulls that do not 
involve any change of 
matter/energy 

Level 1. Words 
about actors, 
enablers, and 
results  

ACTOR: body parts (e.g., leaves, 
roots, leg) 
ENABLER: water, air, sunlight, food 
(e.g., food, milk, bread), bugs, wind, 
lighter, etc. 
RESULT: strong, healthy, grow, run, 
warm, etc.  
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 Using the revised learning progression framework, we could identify Episode 5 
as an example in which the student’s naming level is ahead of her explaining level: 
Peng stated that carbon dioxide changed into oxygen through a chemical reaction in 
which water plus carbon dioxide becomes C6H12O6. She named both reactants 
(carbon dioxide and water) and products (oxygen and C6H12O6) of photosynthesis. 
Hence this account is at naming Level 4. However, Peng’s responses to the follow-
up questions indicate that she used the scientific words without giving them 
scientific meanings. Although she was able to describe the chemical reaction of 
photosynthesis correctly, she still claimed that the increased mass of the tree came 
from water and nutrients from soil, indicating that she did not connect 
photosynthesis with tree growth. Peng’s accounts indicate force-dynamic reasoning 
with hidden mechanisms—water and nutrients from soil somehow change into the 
tree’s body structure, and the carbon dioxide the tree breathes in somehow becomes 
oxygen. Hence, this account is at explaining Level 2. 
 As shown in Episode 6, there were also a few students who were able to use 
more sophisticated reasoning to explain the macro-processes but lacked the 
necessary knowledge about the specific contexts such as terms for specific 
molecules, processes, and so on. 

Episode 6. Flame Burning 

(Post-interview with a US eighth grader) 
Interviewer: Can you tell me about what is happening inside the [candle] 
flame as it burns? 
Eric: Not specifically, all I know is that it is a chemical reaction and change and 
that’s about all I know for sure, as to what’s happening inside the flame itself. 
Interviewer: Does this process require energy, the process of burning? 
Eric: Yes it does, because it needs energy to perform the chemical changes 
and it takes the energy that is in the wick and uses that for energy a, to help 
take more energy out, and b, to send energy out in the form of heat and light. 
Interviewer: The melting candle loses weight as they burn, how does this 
happen? 
Eric: The wax of the candle will melt and then often it will pour over the side 
and spread onto the table or whatever it’s sitting on, or else it will slowly 
evaporate into the air. 
Interviewer: You said it slowly evaporates into the air, what form is that? 
Eric: I guess it would be wax vapor or something like that, and it basically 
the molecules of the wax spread apart and far enough from the heat, that 
because of the heat they become a gas and float into the air. 
Interviewer: Are there chemical changes that are happening that the wax to 
what floats in the air, what is that that floats in the air from the wax? 
Eric: It would be whatever chemicals the wax is made of, I am not sure what 
it is, the molecules of those chemicals will be transferred to the air. 
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Interviewer: You said that this process requires energy, what are the energy 
sources? 
Eric: The energy source would be directly the wick, which got it from 
whatever the wick was made of, and it uses that stored energy for the energy of 
burning. 
Interviewer: Do you think energy is released from this burning? 
Eric: Yes. 
Interviewer: How is it released? 
Eric: I am not sure, I believe it is just… the energy of it is changed from the 
stored energy into light energy or heat energy. 

 Eric identified a chemical reaction, although he was not sure exactly what the 
chemical reaction was: “Not specifically, all I know is that it is a chemical reaction 
and change and that’s about all I know for sure, as to what’s happening inside the 
flame itself.” He made the common mistake of thinking that the wick, rather than 
the wax, was burning. Given this assumption, however, he was still able to 
construct an account that conserved both matter (the wax evaporates but is still 
present in the air) and energy (the stored energy of the wick is converted to heat 
and light). Eric’s account is at explaining Level 4 because it conserves matter and 
energy separately. His account is at the relatively lower naming Level 2.5 because 
the most sophisticated terms in his accounts are Level 2.5 terms—stored energy, 
chemical reaction, and molecule. Eric did not mention any specific molecules, nor 
did he identify the chemical reaction as combustion. 
 After we developed the final learning progression framework, we used it as a 
guide to code students’ interview responses. Our interview questions are structured 
around eight macro-processes. We developed naming-explaining coding rubrics for 
each macro-process based on the learning progression framework (Table 2). 
Student interviews were divided into eight account units (one for each macro-
process), which were analyzed using the rubrics. We generated graphs that show 
the distribution of students’ account units along the naming progress variable and 
the explaining progress variable. Figures 9 and 10 show the distribution of account 
units at different levels for the US interviews and the Chinese interviews.2 

 Except at the lower end of the learning progression, the naming-explaining 
distribution graphs indicate that both groups show higher levels for naming than 
for explaining, but the difference is much greater for the Chinese students. This 
indicates that although Chinese students used scientific terms, they sometimes did 
not understand the scientific meanings of these words and still relied on lower-
level reasoning to make accounts. The naming and explaining performances show 
two different patterns of achievement for US students and Chinese students. This 
helps explain why the coding rubrics we developed based on US student 
performances were less effective with the Chinese student data. Chinese students 
were sometimes coded at higher levels of achievement in previous studies, not 
because they reasoned at higher levels, but because they used vocabulary words 
that were reliably associated with high-level reasoning by US students. 
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captures major reasoning patterns of students and to better understand the nature of 
their learning, we involved participants from a wide age range and from two 
countries. The diversity of participants allowed us to collect rich data, but it also 
created special assessment challenges. Our responses to the challenges are grounded 
in our data and in cognitive and linguistic theories about how students understand the 
world. To effectively elicit accounts from all students, we re-designed the interview 
protocol and written assessment items at the observation phase. At the interpretation 
and model building phases, our work focused on identifying progress variables—
naming and explaining—that accurately describe students’ learning performances 
and capture important differences between US accounts and Chinese accounts. 
 Our research is ongoing. As we continue with cycles of observation, 
interpretation, and model building, we continue to encounter assessment challenges. 
We conclude this chapter by noting five challenges that we are presently working on. 

1. Designing interview protocols. Our interviewers—teachers and graduate 
students—are often relatively inexperienced and may not be native speakers of 
English. Thus we need to develop protocols and training methods that provide 
specific interview questions and interviewer support for “on the spot” decisions 
about follow-up questions to further explore students’ thinking. This is 
especially challenging when students give unexpected answers. Our interview 
data indicate that interviewers sometimes failed to probe incomplete responses, 
skipped questions incorrectly, or gave inappropriate clues to students. 

2. Investigating students’ accounts of large-scale systems. Our decision to focus on 
macroscopic linking processes means that we have not investigated students’ 
understanding of large-scale systems. There are two important aspects of 
understanding large-scale systems: classification of macro-processes and 
connections among the macro-processes. In scientific accounts, the macro-
processes are classified and connected in terms of matter transformation and 
energy transformation. However, students may use informal ways to classify 
and connect the macro-processes, which often indicate their specific ways of 
reasoning. We developed some interview questions and written assessment 
items about classification and connections to explore these informal ways of 
reasoning, but most of the questions were not sufficiently effective in eliciting 
students’ ideas. Time is also a concern. In most of these interviews, the 
interviewers spent most of their time exploring students’ ideas about the macro-
processes and did not have enough time to ask about the classification of and 
connections between macro-processes. 

3. Investigating students’ arguments. Both interviews and written assessments fail 
to explore students’ reasons for their claims or how they defend them. We did 
not investigate students’ argumentation skills, although argumentation is an 
important component of environmental literacy. We are interested in exploring 
how students use data to defend their claims about each of the linking processes. 

4. Cross-analysis of interview and assessment data. As noted above, we have not 
conducted systemic analyses between the interview data and written assessment 
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data. Clinical interviews allowed us to identify important patterns in students’ 
informal ways of reasoning. However, due to the small interview sample size, 
findings cannot be used for statistical generalizations. Compared with 
interviews, written assessment items are less effective in eliciting detailed 
accounts. This is especially true for younger students whose responses can be 
very short and vague due to their limited writing abilities. Therefore, we need to 
use interviews to validate our interpretations of the relatively brief and 
incomplete accounts that students give on written assessments. We used naming 
and explaining as progress variables to analyze interview data, but students’ 
written responses usually contain evidence of only one progress variable. In 
such situations, how do we conduct the cross-analyses? One possible solution is 
to use item clusters. An item cluster contains items that ask different questions 
about the same macro-process. We expect that data from a cluster of items 
rather than a single item would provide evidence of both naming and explaining. 

5. Investigating the development of students’ ideas about matter and energy. By 
focusing on general causal reasoning patterns, the explaining progress variable 
allowed us to avoid dealing with inconsistency between the two lower levels  
that are about force-dynamic reasoning and the two higher levels that focus on 
matter and energy. Although younger students do not use matter and energy to 
account for the macro-processes, they develop intuitive ideas based on their 
everyday experiences, and some of those ideas are powerful precursors of matter 
and energy. Therefore, we need to identify progress variables that capture the 
common facets of both scientific performances of matter and energy and students’ 
lower-level performances that are related to matter, energy, or their precursors. 
Such progress variables are both science-based and performance-based. 

 These are the challenges we are working on in our current research cycle. We 
look forward to tackling these, as well as additional challenges that will arise as we 
continue to develop a learning progression on carbon-transforming processes. 
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NOTES 
1 Modern physical theories hold that this statement is not strictly true. We believe, however, that 

students need to learn to conserve matter and energy independently before addressing matter-energy 
conversions in nuclear reactions. 

2 In our final coding results, account units coded as naming Level 1.5 were included in the category of 
naming Level 1 and account units coded as naming Level 2.5 were included in the category of 
naming Level 2. 

REFERENCES 

American Association for the Advancement of Science. (1993). Benchmarks for science literacy. New 
York, NY: Oxford University Press. 

Anderson, C. W., Sheldon, T. H., & DuBay, J. (1990). The effects of instruction on college non-majors' 
conceptions of respiration and photosynthesis. Journal of Research in Science Teaching, 27, 761–776. 

Chen, J., Anderson, C. W., & Jin, X. (2009, April). American and Chinese secondary students’ written 
accounts of carbon cycling in socio-ecological systems. Paper presented at the annual meeting of the 
National Association for Research in Science Teaching, Garden Grove, CA. 

Choi, J., Lee, Y., & Draney, K. L. (2009, April). Empirical validation of a learning progression. Paper 
presented at the annual meeting of the American Educational Research Association, San Diego, CA. 

Cobb, P., Confrey, J., diSessa, A., Lehrer, R., & Schauble, L. (2003). Design experiments in educational 
research. Educational Researcher, 32(1), 9–13. 

Collins, A., Joseph, D., & Bielaczyc, K. (2004). Design research: Theoretical and methodological 
issues. Journal of the Learning Sciences, 13, 15–42. 

Dai, J.-h. E. (2005). Conceptualizations and cognitive relativism on result in Mandarin Chinese: A case 
study of Mandarin Chinese b  construction using a cognitive and centering approach (Doctoral 
dissertation, Louisiana State University, Baton Rouge, LA). Retrieved from http://etd.lsu.edu/ 
docs/available/etd-04152005–112438/unrestricted/Dai_dis.pdf 

Edelson, D. C. (2002). Design research: What we learn when we engage in design. Journal of the 
Learning Sciences, 11, 105–121. 

Jin, H., & Anderson, C. W. (2008, April). Developing a long-term learning progression for energy in 
socio-ecological systems. Paper presented at the annual meeting of the National Association for 
Research in Science Teaching, Garden Grove, CA. 

Jin, H., Zhan, L., & Anderson, C. W. (2009, April). A cross-cultural study: Comparing learning 
progressions for carbon-transforming processes of American and Chinese student. Paper presented at 
the annual meeting of the National Association for Research in Science Teaching, Garden Grove, CA. 

Lai, H.-l., & Chiang, S.-m. (2003). Intrapsychological force-dynamic interaction: Verbs of refraining 
graining in Hakka. Taiwan Journal of Linguistics, 1(2), 35–64. 

Lee, O., Eichinger, D., Anderson, C. W., Berkheimer, G. D., & Blakeslee, T. D. (1993). Changing 
middle school students' conceptions of matter and molecules. Journal of Research in Science 
Teaching, 30, 249–270. 

Long Term Ecological Research Network. (2007). Integrative science for society and the environment: 
A plan for research, education, and cyberinfrastructure in the U.S. Retrieved from 
http://www.Lternet.edu/decadalplan/ 

Mohan, L., Chen, J., & Anderson, C. W. (2009). Developing a multi-year learning progression for 
carbon cycling in socio-ecological systems. Journal of Research in Science Teaching, 46, 675–698. 

Mohan, L., Chen, J., Baek, H., Anderson, C. W., Choi, J., & Lee, Y. (2009, April). Validation of a 
multi-year carbon cycle learning progression: A closer look at progress variables and processes. 
Paper presented at the annual meeting of the National Association for Research in Science Teaching, 
Garden Grove, CA. 

National Research Council. (1996). National science education standards. Washington, DC: National 
Academy Press. 



DEVELOPING ASSESSMENTS FOR A LEARNING PROGRESSION ON CARBON 

181 

National Research Council. (2001). Knowing what students know: The science and design of 
educational assessment. Washington, DC: National Academy Press. 

National Research Council. (2007). Taking science to school: Learning and teaching science in grades 
K-8. Washington, DC: The National Academies Press. 

Pinker, S. (2007). The stuff of thought: Language as a window into human nature. New York, NY: 
Penguin Group. 

Talmy, L. (2000). Toward a cognitive semantics. Cambridge, MA: MIT Press. 



 

Alicia C. Alonzo, Amelia Wenk Gotwals (eds.), Learning Progressions in Science: 
Current Challenges and Future Directions, 183–210. 
© 2012 Sense Publishers. All rights reserved. 

AMELIA WENK GOTWALS, NANCY BUTLER SONGER AND LEA 
BULLARD 

ASSESSING STUDENTS’ PROGRESSING ABILITIES 
TO CONSTRUCT SCIENTIFIC EXPLANATIONS 

Learning science does not just consist of memorizing a body of facts; rather, the 
development of scientific knowledge is a dynamic endeavor that represents a 
complex interplay of content and scientific practices (National Research 
Council [NRC], 2007). While policy documents and standards of the 1990s 
listed content standards and practice standards (often called inquiry standards) 
separately (e.g., NRC, 1996), more recent standards and policy documents 
emphasize that science knowledge is a fusion of content and practices (NRC, 
2011). Despite this shift, policy documents do not provide clear guidelines on 
how to guide students towards knowledge that is a fusion of content and 
practices (Songer, Kelcey, & Gotwals, 2009). Various pedagogical methods, 
such as curricular scaffolds, have been shown to support student learning of 
fused content and practices (McNeill, Lizotte, Krajcik, & Marx, 2006; Songer et 
al., 2009). However, these same research studies also suggest that details of the 
support structures, including the best means for both scaffolds and fades, 
require greater investigation. 
 This chapter describes the project, BioKIDS: Kids’ Inquiry of Diverse Species, 
in which we developed and implemented an assessment system in order to better 
understand how students develop knowledge that fuses content and practices. 
The discussion of our assessment system focuses on the assessment triangle 
(NRC, 2001), which consists of three vertices: (1) Cognition, which refers to the 
knowledge to be assessed, including the learning theory that explains how 
students may learn this knowledge; (2) Observation, which refers to the type of 
task that would best elicit performances that demonstrate understanding of this 
knowledge; and (3) Interpretation, which refers to a method of interpreting the 
performances gathered from the task. Each vertex of the triangle must not only 
make sense on its own, but must also connect to the other vertices in clear and 
meaningful ways. 
 To address the cognition vertex of the assessment triangle, we briefly describe 
the content and practices targeted in our project and the context in which we have 
implemented our curricula and assessments. For the observation vertex, we 
describe how we designed assessment tasks to gather evidence of the ways that 
students develop fused content and practices over time. In this section we address 
challenges that we have faced based on our design decisions – specifically, the 
benefits and possible limitations of incorporating scaffolds into our assessment 
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tasks. For the interpretation vertex, we explain how we designed coding rubrics to 
analyze student responses to our assessment tasks. We discuss the challenges of 
interpreting student responses with respect to a learning progression, especially in 
terms of the possible range of performances and types of errors that students may 
exhibit as they develop more sophisticated knowledge (Gotwals & Songer, 2010; 
Songer et al., 2009; Songer & Gotwals, 2012). 

COGNITION VERTEX: FUSED CONTENT AND PRACTICE KNOWLEDGE 
FOCUSED ON BIODIVERSITY 

The first vertex of the assessment triangle is cognition, which refers to the learning 
theory that drives the assessment as well as the kinds of knowledge, skills, and 
abilities valued by this learning theory (NRC, 2001). We utilize a learning 
progression framework as the foundational template for the development of 
curricular, assessment, and professional development products. Our definition of 
learning progressions builds on others’ definitions that emphasize the increasingly 
sophisticated ways of thinking about a particular topic (e.g., NRC, 2007), while 
also specifying the representation of both content and practices. In particular, we 
define learning progressions as follows: 

Learning progressions take a stance about both the nature and the sequence of 
content and inquiry reasoning skills [practices] that students should develop 
over multiple curricular units and years. Learning progressions are 
successively more sophisticated ways of thinking about a topic that can be 
used as templates for the development of curricular and assessment 
products… The learning progression can only be evaluated indirectly, 
through the evaluation of the curricular products, professional development 
modules, and assessment instruments that are constructed from the learning 
progressions template. (Songer et al., 2009, p. 612). 

In the BioKIDS project, our learning progression includes a content progression 
and a practice progression. Both our content progression and our practice 
progression consist of a series of ideas or levels that are sequenced to encompass 
the life science content fostered in our curricular programs over a three-year period 
(fourth through sixth grades). 
 Our content progression includes three strands (classification, ecology, and 
biodiversity) that build over time and intersect at key junctures (Table 1). Each 
content idea builds on previous ideas, such that more complex content ideas are 
at the top of the progression while more basic ideas are at the bottom of the 
progression. For example, in fourth grade, the content progression sequences 
increasingly use more complex content ideas in both classification and ecology. 
The ability to use these content ideas in tandem to explain phenomena provides 
the foundation of the fifth grade portion of the content progression where more 
complex classification ideas and biodiversity ideas are developed. The full 
version of the content progression includes more elaborated content statements 
for each idea as well as ideas between the lower and upper ideas in each cell. 
(For a full description of the content progression, see Songer et al., 2009). 
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Table 1. Representation of BioKIDS Content Progression. 
 

Classification Strand Ecology Strand Biodiversity Strand 
6th

 G
ra

de
 

 Complex Ecological Idea: 
A change in one species 
can affect different 
members of the food 
web… 
 

. 

. 

. 
Middle Ecological Idea: 
Plants and animals of a 
habitat can be connected 
in a food chain 

Complex 
Biodiversity Idea: 
Humans and other 
factors affect 
biodiversity… 

. 

. 

. 
 

Middle Biodiversity 
Idea: Biodiversity 
differs in different 
areas… 

5th
 G

ra
de

 

Complex Classification 
Idea: Patterns of shared 
characteristics reveal the 
evolutionary history… 

. 

. 

. 
Middle Classification 
Idea: Organisms are 
grouped based on their 
structures… 

 Middle Biodiversity 
Idea: An area has a 
high biodiversity if it 
has both high 
richness and 
abundance 

. 

. 

. 
Basic Biodiversity 
Idea: 
A habitat is a place 
that provides food, 
water, shelter… 

4th
 G

ra
de

 

Middle Classification 
Idea: Organisms have 
different features that 
allow them to survive 

. 

. 

. 
Basic Classification Idea: 
There are observable 
features of living things 

Middle Ecological Idea: 
Only a small fraction of 
energy at one level … 
moves to the next level 

. 

. 

. 
Basic Ecological Idea: 
Every organism needs 
energy to live… 

 

Note. For more details, see Songer et al. (2009). 

Our practice progression focuses on the development of evidence-based 
explanations. Evidence-based explanations are part of the core of scientific practice 
and are considered an essential skill for scientifically literate citizens (NRC, 2007). In 
addition, we selected this practice because research demonstrates that students who 
engage in the development of evidence-based explanations can significantly improve 
their understanding of scientific concepts, their understanding of appropriate use of 
evidence, and their ability to provide coherent and logical arguments (Bell & Linn, 
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2000; Scardemalia & Bereiter, 1991; Toth, Suthers, & Lesgold, 2002; White & 
Frederiksen, 1998). Finally, an examination of the quality and coherence of students’ 
explanations can serve as a valuable way to assess their understanding (Metz, 1991). 
 Similar to others, we have adopted a modified version of Toulmin’s (1958) 
model of argumentation to support teachers and students in creating scientific 
explanations (Bell & Linn, 2000; Driver, Newton, & Osborne, 2000; Erudan, 
Simon, & Osborne, 2004; Lee, 2003; McNeill et al., 2006; Sandoval, 2003). In our 
work, we emphasize three essential aspects of evidence-based explanations: (1) 
articulation of causal claims; (2) use of appropriate and sufficient evidence to 
support these claims; and (3) use of reasoning that draws on scientific principles to 
explicitly link the evidence to the claim. Claims are assertions or conclusions in 
response to a scientific question (in our project, claims are either given to students 
by the teacher or curriculum or students create their own claims). Evidence consists 
of scientific data (either collected by students or given to students by the teacher or 
curriculum) used to support students’ claims. Data used as evidence must be 
appropriate and sufficient. Appropriate data is relevant to the question or problem 
and supports the claim. There is sufficient evidence when enough relevant data is 
used to convince someone of the accuracy of the claim (McNeill & Krajcik, 2007). 
Finally, reasoning is a justification that utilizes salient scientific principles to show 
why the data counts as evidence in support of the claim. 

Scaffolding 

Despite research on the value of students’ work with evidence-based explanations, 
our research, and that of others, testifies to the fact that guiding students towards an 
understanding of appropriate evidence and the development of sound explanations 
is not a straightforward task. For example, students often struggle with articulating 
clear claims based on the data they have. They often do not fully understand what 
counts as evidence (Sadler, 2004) or how to incorporate appropriate evidence (Lee 
& Songer, 2003; Sandoval, 2003) and sufficient evidence (Sandoval & Millwood, 
2005) in their explanations. Middle school students have particular difficulty with 
the reasoning component of explanations (Lizotte, Harris, McNeill, Marx, & 
Krajcik, 2003; Gotwals, 2006). Germann and Aram (1996) found that students had 
a hard time presenting evidence in a convincing way; in other words, students did 
not provide reasoning to indicate why the evidence was appropriate. Often students 
make claims but do not back up the claims with evidence or reasoning (Jimenez-
Aleizandre, Rodriguez, & Duschl, 2000). 
 Despite the problems that students face in building explanations, studies have 
shown that when students work through repeated exposures within parallel examples 
that guide or scaffold their construction of evidence-based explanations, they make 
significant gains in content knowledge and increase their ability to provide clear and 
coherent explanations (Lee, 2003; McNeill et al., 2006; Songer et al., 2009). 
Educational scaffolds have also been found to help younger students work with 
complex scientific information and participate in scientific inquiry activities (Metz, 
2000). 
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 Our practice progression builds from our earlier work and that of others in the 
design of scaffolds. Table 2 presents our practice progression focusing on evidence-
based explanations. There are four levels with two conditions at each level – one 
condition states what students are able to do with scaffolding (indicated with an “s”) 
and the other condition states what students can do without scaffolding. 

Table 2. Practice Progression for Evidence-Based Explanations. 

Level 4 Student constructs a complete evidence-based explanation (without scaffolding) 
Level 4s Student constructs a complete evidence-basedexplanation (with scaffolding) 
Level 3 Student makes a claim and backs it up with sufficient and appropriate evidence 
but does not use reasoning to tie the two together (without scaffolding) 
Level 3s Student makes a claim and backs it up with sufficient and appropriate evidence 
but does not use reasoning to tie the two together (with scaffolding) 
Level 2 Student makes a claim and backs it up with appropriate but insufficient (partial) 
evidence (without scaffolding) 
Level 2s Student makes a claim and backs it up with appropriate but insufficient (partial) 
evidence (with scaffolding) 
Level 1 Student makes a claim (without scaffolding) 
Level 1s Student makes a claim (with scaffolding) 

Note. For a full description, please see Songer et al. (2009) 
The fusion of content and practice occurs through learning objectives that are 
associated with each curricular activity and each assessment task. Figure 1 presents 
a sample from our sixth grade program that includes two content ideas, one 
practice idea, and the learning objective that fuses them in the context of curricular 
and assessment activities (in this case, the Detroit River ecosystem). 

Biokids Project 

The BioKIDS project used the content and practice progressions described above as 
templates to create a coherent set of curricula, assessments, and professional 
development products. We worked with fourth, fifth, and sixth grade teachers and 
students in a large Midwestern urban district. The curricular activities have scaffolds 
that support students in fusing content knowledge in ecology with the practice of 
evidence-based explanations. As students develop more sophisticated knowledge, the 
scaffolds fade to allow students to tackle more of the practice on their own. In 
addition, the curricula are educative (Davis & Krajcik, 2005), giving teachers 
information about alternative student ideas, tips for introducing and teaching 
evidence-based explanations and suggestions for using the written scaffolds in the 
student workbooks. Teachers implemented the curricula and administered the 
assessments after participating in a weeklong summer meeting and monthly 
professional development meetings. The research team collected multiple forms of 
data, including written assessments (both embedded and summative), think-aloud 
interviews as students completed the assessment tasks, interviews with teachers and 
students, and classroom observations. Next we describe how we created our 
assessment tasks to collect information about student learning in the BioKIDS project. 
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Typical Progression of Students’ Explanations 

In our written assessments, students tend to provide more information about their 
thinking for tasks with scaffolding. In addition, when we compare the IRT difficulty 
parameters of tasks with different levels of scaffolding, items with the most 
scaffolding tend to be the easiest for students (Gotwals & Songer, 2010). Figure 6 
shows one student’s very different responses to two similar items with different 
levels of scaffolding. [Note that in the figures with student responses, the students’ 
answers are retyped in the right column for easier reading.] The first part of Figure 6 
shows a student’s response to an Intermediate II item with practice scaffolds while 
the second part shows his response to a complex item that has no scaffolds. While 
the tasks are testing different content ideas,1 they are based on the same scenario and 
data. Thus we know that the student is able to read the table to gather evidence 
about what the heron eats. It is possible that the student does not know the definition 
of predator or prey and that is why he does not expand on his response in the 
complex task. However, his correct claim (that large fish are both predators and 
prey) indicates that while he understands the content, he does not provide evidence 
or reasoning when not prompted to do so. For some students at higher levels of the 
learning progression, the scaffolds did not seem to influence how they responded 
(i.e., they included all information whether prompted to do so or not). Similarly, for 
some students at lower levels, the scaffolds did not help them respond to questions. 
However, for students in the middle, such as the student whose responses are shown 
in Figure 6, the scaffolds provide opportunities to elicit a more complete picture of 
what they know and can do as they fuse content with the scientific practice of 
building evidence-based explanations. 
 In addition, we found that the scaffolds direct students to attend to each aspect of 
evidence-based explanation. In the analysis of the think-aloud interviews, we 
discovered that almost every student read the scaffolds while responding to the items, 
indicating some attention to the scaffolds. For example, Figure 7 presents one 
student’s response to a scaffolded item. Initially, the student just gave an explanation 
(bold text) that includes a claim and one piece of evidence. However, after reading 
the scaffolding (underlined text), she included a second piece of evidence and 
attempted to provide reasoning to link her evidence to the claim. Had there been no 
scaffolding, we would not have known that this student knew the number of body 
segments of these two animals or that it was an appropriate piece of evidence. 
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 After the think-alouds, we interviewed students about how they used the 
scaffolds to respond to the items. In one interview, a student indicated that while he 
noted the scaffolds, he didn’t pay much attention to them: 

Interviewer: So, in the boxes here, we have these directions…for claim, it 
says, “write a sentence that answers the scientific question”, for reasoning, it 
says, “write the scientific concept or definition you thought about to make 
your claim.” Did those directions help you, or did you pay attention to 
them? 

Student DTF08400109: No, I didn’t really pay attention to them, they didn’t 
really help me. 

In examining this student’s think-aloud responses, it seems he used the scaffolds 
in some cases but not in others. When he read the scaffolds, he was more likely 
to provide evidence and some form of reasoning to back up his claim. When he 
did not use the scaffolds, he tended to give a claim and either one piece of 
evidence or no evidence. These responses suggest that while he may not have 
thought that he needed to use the scaffolds, he did not fully understand how to 
create a complete evidence-based explanation. When he read the scaffolds, his 
responses improved. 
 This was not a general pattern in our interviews since only this student said 
he did not pay much attention to the scaffolds. However, the scaffolds were 
built into the assessments in order to help students who may not have 
understood what they needed to include in an explanation (claim, evidence, and 
reasoning) and what each component entails. The scaffolds did not give this 
student the intended guidance. He provides a possible reason in his response 
about which items he felt were most difficult: the scaffolded items are more 
difficult than the unscaffolded tasks, and the scaffolded tasks are for “advanced 
people” whereas the unscaffolded tasks are for people “who can’t really give 
you all that stuff”. 

Student DTF08400109: I feel like this [scaffolded task] is for the 
advanced, for the advanced people who could give, who could give, three 
things just like that… [referring to the three boxes] yeah, [question] number 
one [an unscaffolded task] would be for people who can’t, who can’t really 
give you all that stuff, but they could tell you a claim…because this, and 
because that….without the pressure of giving a reason and giving 
evidence…actually, I felt like they was kinda hard…because sometimes 
when you make a claim, you don’t really have a good reason why you 
made it, you just say, “hey, this is pretty good, I’m gonna try this out and it 
sounds like a good answer, so why not give it a try, and then, it says, give 
us a reason,’ and you just sit there like, ok, now I gotta make up a reason 
for this. 

There are many possible explanations why this student (and possibly others) did 
not interact with some of the scaffolded assessment tasks as we designed them. 
The scaffolded tasks look more complicated since they have boxes and additional 
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instructions or prompts. The complex tasks, which just ask a question and do not 
provide additional prompts, may seem more familiar to students and thus may not 
be as threatening as unscaffolded tasks. The scaffolded tasks may actually 
intimidate students and thus cause them to either ignore the prompts and hints or 
to shy away from even engaging in them. The additional reading may also 
intimidate students or pose a problem for students whose reading skills are not at 
grade level. 
 These assessment items are closely tied to our curricular units that have a 
parallel scaffolding structure. Large parts of the units help students use the 
scaffolds to build evidence-based explanations. Then the scaffolds slowly fade to 
give students opportunities to build explanations on their own. These assessment 
tasks may not be a good fit for a large-scale assessment such as the National 
Assessment of Educational Progress (NAEP; Alonzo, Neidorf, & Anderson, this 
volume) as they are mapped to a particular curricular program. However, if we are 
interested in gathering evidence of how students develop their reasoning as a 
result of specific instruction or when guided in particular ways, then these tasks 
may provide us with evidence of how our curricular units support students’ 
increasing sophistication in developing evidence-based explanations. In the 
following section, we describe how we used our learning progression to interpret 
students’ responses to our assessment items and the challenges that we faced in 
doing so. 

INTERPRETATION VERTEX: CODING STUDENTS’ RESPONSES 

The third vertex of the assessment triangle is interpretation: “all the methods and 
tools used to reason from fallible observations” (NRC, 2001). Every assessment 
must be designed with an interpretation model in mind. Part of the coherence of 
our assessment system comes from developing assessments and interpreting 
students’ responses to the assessments with the same learning progression 
framework. 
 While not necessarily unique to learning progression-based assessment, 
interpreting students’ responses to tasks can be difficult. This is especially true 
for open-ended tasks that are particularly useful for unpacking how well students 
have begun to fuse content and practices. Students bring a range of prior 
knowledge to any task. By their very nature, open-ended tasks are subject to a 
wide variety of interpretations by students and may elicit reasonable answers that 
have little to do with the knowledge that the test developer intended to assess. 
Tasks that involve a fusion of content and practices invite multiple ways for 
students to bring these ideas together; some of these ways may be difficult to 
classify. In assessments mapped to a learning progression, accurately interpreting 
and coding students’ partial understandings or middle knowledge – “the varieties 
of not-quite-successful attempts at complex scientific ideas that students manifest 
on the path towards sophisticated understanding” (Songer et al., 2009, p. 629) – 
are particularly important. This is because we are interested not just in whether 
students are right or wrong but also in the intricacies of how they develop more 
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sophisticated knowledge. In order to systematically interpret students’ responses 
to the scientific explanation assessment tasks, we developed a coding scheme 
based on the levels of our practice progression. This approach is similar to 
approaches used in other learning progression research (e.g., Alonzo & Steedle, 
2009; Mohan, Chen, & Anderson, 2009). 
 Our coding rubrics are mapped directly to the practice progression. We used 
the information from the content progression to determine what would count as 
the correct claim, appropriate and sufficient evidence, and accurate reasoning for 
each task. The use of both the content progression and the practice progression 
provides a clear link to the cognition vertex of the assessment triangle. This 
approach also helps us deal with a main challenge of learning progression-based 
assessments: gathering evidence of students’ knowledge at multiple levels along 
a learning progression. With our coding rubrics, we are able to interpret students’ 
responses in terms of their competence in using content to formulate evidence-
based explanations. Table 3 illustrates the generalized coding rubric for our 
open-ended items. For each item, we customized the rubric to the particular 
content. The nature of the intersection between the content and the practice 
progressions determines the types and amount of content that should be infused 
into students’ claims, as well as what counts as appropriate and sufficient 
evidence and adequate reasoning. A successful (Level 4) explanation is highly 
dependent on the content, the data available, and the scientific question posed. 
Perhaps even more important, we wanted to document the middle levels (Level 2 
and Level 3) as this type of middle knowledge is often messy since students may 
be able to demonstrate a certain level of content or practice in one situation but 
not in another. Therefore it may not be obvious what these responses look like 
(Gotwals & Songer, 2010). 

Table 3. General Scoring Rubric for Writing Evidence-Based Explanations, Informed by 
Practice Progression. 

Level 4 Student constructs a complete evidence-basedexplanation (with an accurate claim, 
appropriate and sufficient evidence, and reasoning). 
Level 3 Student makes an accurate claim and backs it up with appropriate and sufficient 
evidence but does not use reasoning to tie the two together  
Level 2 Student makes an accurate claim but does not back it up with evidence or reasoning 
claim and backs it up with insufficient or partially inappropriate evidence  
Level 1 Student makes an accurate claim but does not back it up with evidence or reasoning 

The specific task rubric identifies how to code students’ responses based on the 
fusion of the content ideas from the content progression and the generalized 
scoring rubric in Table 3 that is taken from the practice progression. Figure 8 
illustrates the coding rubric for the assessment task in Figure 3. 
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 Interpreting responses with vague evidence. One difficulty with interpreting 
and coding students’ responses arises when a level of practice is implied, but the 
response does not explicitly state the key components of a scientific explanation. 
The student response in Figure 9 illustrates this difficulty. The item asks students 
to use a table of animal observations to explain which zone in the schoolyard has 
the highest biodiversity. A Level 4 respnse to this item would include a claim that 
Zone B has the highest biodiversity; evidence that Zone B has the highest richness 
(number of different kinds of animals) and second highest abundance (total number 
of animals); and reasoning that richness and abundance both play a role in 
determining the biodiversity of a given area although, because biodiversity is a 
measure of the variety of organisms in an area, the richness variable in this item is 
more significant in determining total biodiversity. 
 The student whose work is presented in Figure 9 has the correct claim: Zone B has 
the highest biodiversity. In addition, the student approaches the correct reasoning: 
“We know that biodiversity go’s [sic] for abundance and richness.” However, this 
student is not explicit about how he interpreted the data in the table. The evidence 
”Zone B has no zeros” could mean that Zone B has more types of animals (higher 
richness) than the other zones (that do have zeros). The evidence “More numbers” 
could refer either to a higher richness or to the fact that the numbers add to more 
(abundance). While these statements suggest the evidence that we are looking for in 
this question, the evidence is not explicit enough to be considered appropriate and 
sufficient. This response is also not specific enough to code even at Level 2 since in 
the coding rubric for this item, the evidence has to be a specific comparison of 
abundance and richness amounts to other zones. We can infer from the student’s 
response that he was able to use the data when formulating the claim, but he is not 
explicit enough in how he used the data. Specifically, not all data are evidence – data 
only become evidence when they are interpreted with respect to the scientific 
question and the theory underlying the explanation (Sandoval, 2003). 
 We do not have enough information about how the student draws upon the data 
as evidence for his claim. His response could indicate at least two possible 
situations. The first situation is that there is a third dimension underlying how 
students respond to this task – the practice of interpreting data. It is possible, and 
even likely, that students must be able to find patterns in the data presented in the 
table before they can formulate an evidence-based explanation. This is a dimension 
that is not captured in our scoring rubrics and perhaps needs to be considered for all 
tasks that require interpretation of tables or graphs. However, it seems unlikely that 
this student was unable to interpret the data and relate it to the ideas of abundance 
and richness since his claim and reasoning seem to indicate otherwise. Therefore, 
the second possible situation is that this student’s response illustrates a type of 
middle knowledge that is not fully captured in our coding rubric. It is possible that 
this student did not know what counts as appropriate and sufficient evidence or the 
reason for being explicit about the use of evidence. Thus this type of response 
provides some evidence of the type of middle knowledge that students may have in 
learning how to use evidence. However, when students are not explicit, we face a 
challenge in interpreting their responses with respect to our coding rubric. 
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 The student response in Figure 10 has a correct claim (“They are both predators 
and prey”), as well as a reasoning statement that defines predators and prey (“They 
go after there [sic] food and others go after them”). While this reasoning statement 
is not as specific or scientific as we would hope for, it gives us some evidence that 
this student understands what predators and prey are. However, the student does 
not include specific evidence from the table. Rather, he hints at the evidence when 
he says that he looked at the table (“I looked at the table and it came to me.”). 
While we can infer what the student saw in the table, he does not include the 
specific evidence of what the large fish eats and what eats the large fish. The 
student may know what evidence is appropriate and sufficient, but, since he felt 
that it was implied in his answer, he did not need to be explicit. However, a 
characteristic of good supporting evidence is that it uses specific data to back up 
the claim. Just stating that he used the table does not show that this student really 
understands what counts as evidence or the reason for being explicit about the 
evidence. 
 The responses in Figures 9 and 10 give us interesting information about 
students’ middle knowledge. If we look across time, the responses can provide 
evidence about the pathways that students take in developing evidence-based 
explanations. Yet the explanations still pose a challenge when interpreting the 
responses. Specifically, our rubric, which is based on both the literature and our 
past research, indicates that students tend to include evidence in their responses 
before they include reasoning. When responses include reasoning without 
evidence, they do not fit neatly into our coding scheme. While we are still 
determining the best ways to deal with such responses, we are currently 
considering that these responses contain a claim and partial support where partial 
support can include any type of rationale that supports the claim (evidence or 
reasoning). In order to accurately capture these types of responses, we are coding 
the responses as Level 2 with an extra code that indicates that students have 
included reasoning without evidence. We plan to re-analyze the students’ 
responses, looking for patterns in the items (whether certain items tend to have 
more responses with reasoning and no evidence) and patterns among the students 
(whether certain students tend to provide responses with reasoning and no evidence 
across items). 
 Interpreting responses that interchange evidence and reasoning. Another 
challenge that we have faced in our coding concerns students’ responses to the 
scaffolded assessment tasks. Specifically, some students were able to provide 
multiple pieces of a scientific explanation but interchanged the evidence and the 
reasoning pieces in spite of the scaffolding. While this does not, necessarily, point 
to confusion about the purpose of the explanation as a whole, it does point to 
difficulty in differentiating the identity and purpose of the components of the 
explanation. A student at the upper level of our practice progression would be able 
to make this distinction. 
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explanation in the wrong box. While some may argue that it does not matter 
whether students place information in the correct boxes as long as they have 
sufficiently supported their claim, we agree with the National Research Council 
(1996, 2007) that understanding what constitutes evidence, recognizing the 
components of scientific explanations, and knowing how the pieces fit together 
into a coherent whole are all essential aspects of developing scientific literacy. 
Students who place components of a scientific explanation in the wrong boxes are 
not given a lower code in our coding rubric. However, their responses are tagged 
during coding and later are systematically examined to help us to think about the 
nature and validity of our practice progression. 

Learning from the Challenges with Interpreting Students’ Responses 

Understanding the ways that students utilize scaffolds as they formulate evidence-
based explanations helps us characterize students’ middle knowledge and learn 
what they can do with and without support. However, this middle knowledge is 
particularly difficult to tease out of students’ responses because a characteristic of 
middle knowledge is that it is messy. Students are often inconsistent or vague in 
expressing their developing understandings (Gotwals & Songer, 2010). In addition, 
when students are not clear about each component of their scientific explanation, 
about what counts as evidence, or about the need to be explicit in stating all 
components of their explanation, interpreting their responses can pose challenges 
for placing these responses on our practice progression-based coding rubric. The 
student responses discussed above pose these challenges. 
 While we found some responses that did not follow the pattern reflected in the 
practice progression and some responses that were difficult to interpret based on 
the evidence that students provided, the majority of the responses followed this 
sequence and posed none of the challenges described above. In the IRT models, 
since both the student and the item fit statistics that are within the acceptable range, 
there is validity evidence for our articulation of the cognition vertex –the fused 
content and practices learning progression framework. Given the diversity of 
learners, it is likely that there will always be responses that do not fit neatly into a 
given progression. As Briggs (chapter 15) writes, “misfit is our friend,” meaning 
that we can learn as much or more from responses that do not fit into our posited 
framework or model as from responses that do. This conclusion applies not only to 
statistical modeling but also to more qualitative analyses or interpretations of 
individual student responses. Even when the quantitative models adequately 
capture the patterns in students’ responses, exploring the few “outliers” can also 
provide us with information about how students learn. 
 However, questions remain. What do we do with responses like these? And do 
responses like these invalidate our whole practice progression? In response to the 
first question, as explained above, our current method is to introduce an 
additional code for these responses based on the type of discrepancy and then to 
analyze them at both the student and the item level. This analysis is currently 
underway. The findings from this analysis will help us both to iteratively refine 
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our content and practice progressions and to answer the second question about 
whether these responses invalidate our practice progression. Since the majority 
of student responses fit into our practice progression, we do not anticipate that 
our whole practice progression will be invalidated. However, these non-
conforming responses are particularly important as we restructure our content 
and practice progressions. They will also play a large role in subsequent 
revisions of the assessments and curriculum. 

IMPLICATIONS 

As our work and that of others indicate, implementing quality assessments mapped 
to learning progressions is a challenging new area in science assessment design and 
evaluation. The work in this chapter has illustrated our project’s approach to three 
challenges researchers who create learning progressions-based assessments may 
face: developing assessments based on a conception of science knowledge that 
includes fused content and practices; developing tasks that allow a range of 
students an opportunity to illustrate what they know and can do; and interpreting 
responses from students with middle knowledge. 

Developing Tasks for Fused Content and Practices 

The push to include the fusion of content and practices in the conceptualization of 
how students should learn about (and are assessed in) science (e.g., NRC, 2007) 
has forced many learning progressions researchers to think about how to develop 
cognitive models that combine how students develop what they “know” with what 
they “can do” with this knowledge. Developing tasks that require students to fuse 
multiple dimensions of content and practices can pose challenges. 
 Our project has conceptualized the cognition vertex of the assessment triangle 
as having two dimensions – a content progression and practice progression – that 
we integrate within each assessment task, curricular activity, and coding rubric. 
Our approach, however, offers just one way of addressing this challenge. We 
cannot, feasibly, design or implement an exhaustive set of items where each 
content idea is assessed at each level of the practice progression. Thus, in picking 
and choosing the content ideas to fuse at different level(s) of practice, we limit 
the types of information we can gather. In other projects, such as the 
environmental literacy project, the design of their assessments uses scenarios that 
require students to reason with content. Student responses are then interpreted 
using a single (though multifaceted) learning progression for how students reason 
[practice] with content (e.g., Jin & Anderson, this volume). For example, the 
environmental literacy’s learning progression includes four levels with 
increasingly sophisticated ways of explaining phenomena. While the nature of 
the explanation may vary across contexts, at a given level, students are expected 
to provide explanations with similar characteristics (such as use of force-
dynamic reasoning). While there is no one right way of approaching design 
decisions about fusing content and practices into learning progression 
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assessments, it is important to make clear the purpose of the assessments (in our 
case, to examine learning based on our curricular units) and to be clear about the 
tensions and trade-offs in these decisions. 

Providing Scaffolds in Assessment 

Learning progressions outline pathways through which we can support students in 
moving past what they can do on their own towards more sophisticated knowledge. 
Learning progression assessments, then, must be able to elicit responses from 
students at multiple levels and provide evidence to locate students on this pathway. 
Our design decision to embed scaffolds in both our practice progression and in our 
assessment tasks allows a range of more and less guided opportunities for students 
to demonstrate their fused content and practice knowledge. The incorporation of 
these scaffolds into our assessments allows us to tease out where students may 
understand the content but may not be able to create a coherent evidence-based 
explanation, or where students may understand the components of an explanation 
but do not have the content knowledge to fully support their claims using 
appropriate and sufficient evidence or reasoning. In addition, the practice scaffolds 
serve as a resource for unpacking and characterizing the nature of students’ middle 
knowledge so that we may better understand the intricacies of how students 
develop more sophisticated scientific explanations. 
 However, specifying levels from each progression in the creation of tasks can 
limit the levels of performance that students can demonstrate. For example, in a 
scaffolded task, students who may not need the scaffolds are unable to 
demonstrate their fused content and practices knowledge in an unsupported 
environment. In addition, the scaffolds can sometimes create unexpected 
difficulties for students, perhaps because of below-grade-level reading 
comprehension or because of the complex structure and appearance of the task. 
Thus, while there are benefits from using scaffolds that give us insight into 
students’ middle knowledge, there are associated trade-offs since we may not 
get a fully accurate picture of everything that students are able and unable to do. 

Interpreting Middle Knowledge 

An important dimension of our work on learning progression-based assessments is 
characterizing the nature of students’ developing understandings in the form of the 
range of middle knowledge that they express. However, when assessing fused 
content and practices knowledge, there is a significant possibility of multiple 
interpretations of students’ responses – both in terms of identifying all the ways that 
students might express aspects of fused middle knowledge and in attributing any 
incorrect ideas to either content misconceptions or to less than fully-formed practices. 
 We have used our content and practice progressions to develop rubrics to 
interpret and code students’ responses to our assessment items. While not unique to 
learning progression-based assessment, when assessing multiple dimensions of 
students’ understandings (such as content and practices) there are often difficulties 
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in interpreting and inferring students’ knowledge from their written (and verbal) 
responses. This is especially true when student responses imply an understanding 
but the thinking behind these responses is unclear. We have highlighted the messy 
middle knowledge associated with our practice of building evidence-based 
explanations; however, our rubrics do not include content-based misconceptions. 
While it may be possible to do develop rubrics that can gather evidence of the 
students’ messy middle knowledge in fused content and practice, placing students 
at a single level (or giving them a single code) for both aspects of middle 
knowledge is challenging. 

CONCLUSIONS 

Our assessment approach was developed in response to our assertion that if 
assessments only examine students’ knowledge of content, then inquiry is devalued by 
both teachers and students and is less likely to occur in the classroom (Schafer, 2002). 
Through a focus on assessments designed to characterize the range and nature of 
middle knowledge associated with building evidence-based explanations, our approach 
can contribute information not available from learning progression assessments that 
only focus, for example, on either content progressions or practice progressions. 
 This chapter has primarily examined students’ responses that have challenged 
our thinking about the nature of their middle knowledge. While the good fit of the 
statistical models that we used to analyze students’ responses to our assessment 
items provided validity evidence that our fused progression adequately represents 
low, middle, and high level responses, some students did not fall neatly into our 
hypothesized patterns. While it may be tempting to avoid looking any deeper after 
finding that the statistical models adequately fit the data, it is important to look at 
the different ways that students express their knowledge and the extent to which 
these ways are captured in our learning progression framework. The students’ 
responses provide us insight into the messiness of developing fused science 
knowledge. We are currently working to refine our learning progression framework 
to capture these different types of middle knowledge. However, as we realize that 
students’ middle knowledge is often messy, this work may be difficult. 
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NOTES 
1 Both tasks are based on 4th grade ecology ideas. The first is E3: Most animals use particular kinds of 

organisms for food. Some general groups are herbivores, carnivores, omnivores, and decomposers. The 
second is E4: An animal that eats another organism is a predator, and the organism that it eats is its 
prey… 
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2 The boxes are scaffolds to remind students to include each component of the explanation – claim, 
evidence, and reasoning. 

3 Our coding rubric does not specifically categorize content misconceptions into separate categories or 
levels; rather, it focuses mainly on students’ use of content in the formulation of evidence-based 
explanations. However, our curricular units (Songer, 2006) identify common misconceptions about 
each activity and also identify methods teachers can use to elicit and respond to students’ ideas. 
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USING LEARNING PROGRESSIONS TO INFORM 
LARGE-SCALE ASSESSMENT 

In 2006, the National Research Council (NRC) recommended that states use 
science learning progressions (LPs) to align curriculum, instruction, and 
assessment around big ideas. The State of Massachusetts is currently exploring the 
use of LPs to revise its Science and Technology/Engineering standards (Foster & 
Wiser, this volume). However, to date, neither Massachusetts nor any other US 
state has incorporated science LPs into its assessment system. At the national level, 
the new science assessment framework and specifications for the 2009 National 
Assessment of Educational Progress (NAEP) call for the use of LPs (National 
Assessment Governing Board [NAGB], 2007, 2008). The framework states that LP 
research can be used to “inform the generation of related performance expectations 
across grades” (NAGB, 2008, p. 90) and to develop assessment items. Both the 
NRC and NAGB were seeking ways to incorporate findings and methods from 
research on students’ science learning into large-scale assessment systems; they 
both pointed to LPs as a promising vehicle for accomplishing this goal. 
 While the NAEP specifications document (NAGB, 2007) includes some 
examples of LPs and related items, the framework (NAGB, 2008) provides little 
guidance as to how LPs might actually be included in the assessment or reports of 
assessment results. Indeed, the framework includes several caveats about LPs that 
may influence the extent to which they can be used appropriately in large-scale 
assessment contexts.1 Although LP-based items are not part of the 2009 NAEP 
operational assessment, their inclusion in the science framework has raised interest 
in the potential role of LPs in large-scale assessments. 
 There is wide variation in how those in the research and policy communities 
define “learning progressions” as well as in what might be considered “large-scale 
assessments.” The 2006 NRC report defined LPs as “descriptions of the 
successively more sophisticated ways of thinking about an idea that follow one 
another as students learn” (p. 48) but provided little guidance as to the form these 
frameworks should take. Both this report and the NAEP specifications (NAGB, 
2007) include LP examples that vary in scope (from one representing 13 years of 
instruction to one representing learning in a single curriculum unit). Thus for our 
definition, we refer to a 2007 NRC report that expanded the earlier definition of 
LPs to specify that they cover “a broad span of time (e.g., 6 to 8 years)” (p. 219). 
While LPs with a much smaller scope may be needed for other applications (such 
as teachers’ formative assessment practices; Alonzo, 2009), for the types of  
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large-scale assessments that are the focus of this chapter (see below), a broad scope 
provides an appropriate level of detail about expected changes in student thinking. 
In addition, consistent with many of the examples in the NRC and NAGB 
documents, we view LPs as more than orderings of content to be mastered. We 
embrace the idea of LPs as descriptions of students’ thinking that necessarily 
include correct and complete aspects of students’ knowledge as well as 
developing—albeit not completely accurate—aspects. In addition to variation in 
scope and in what is considered to progress in a LP, current work on LPs in science 
reflects variation in what ought to be included—whether it is just the framework 
(the description of student thinking) or the framework plus associated assessments 
and/or instructional materials (Corcoran, Mosher, & Rogat, 2009). Therefore, in 
the rest of this chapter, we use the phrase “learning progression framework” 
(abbreviated as “LP framework”) to indicate descriptions of students’ thinking 
(without associated resources). This is consistent with the way the NRC and 
NAGB documents use the phrase “learning progression.” For simplicity, we use 
“LP-based” to label items, assessments, and assessment approaches that are based 
upon LP frameworks and “LP levels” to refer to levels of a LP framework. 
 Given the recommendations in national policy documents (e.g., NRC, 2006; 
NAGB, 2007, 2008), our focus in this chapter is on large-scale summative 
assessments at the state, national, and international levels that provide information 
about student achievement in the broad domain of science. This includes 
assessments such as NAEP and TIMSS2 as well as state accountability assessments 
for grades K-8; it excludes subject-specific assessments—such as the SAT®, the 
GRE®, Advanced Placement (AP®) exams, state or local end-of-course 
assessments, and benchmark or interim assessments. This focus is certainly not 
intended to reflect a judgment on the utility of LP frameworks for these other 
assessments. Indeed, we see much potential in the use of LP frameworks to inform 
subject-specific and benchmark assessments. In both applications, a LP framework 
may provide coherence among curriculum, instruction, and formative and 
summative assessment. However, consideration of these applications is beyond the 
scope of this chapter, in which we use “large-scale assessment” to refer only to the 
types of assessments listed above. 
 Clearly, the assessment landscape addressed in this chapter includes significant 
variation. Most fundamentally, national/international assessments such as NAEP 
and TIMSS characterize populations of students, while state accountability 
assessments describe achievement of individual students (and schools through the 
aggregation of individual scores). As a result, assessments such as NAEP and 
TIMSS assess only a small fraction of the students in the target population (with 
different examinees answering different questions), while state accountability 
assessments are administered to all students (often with a common test). Despite 
this difference, all of these assessments are designed to report student achievement 
in the broad domain of science (often subdivided into areas such as earth, physical, 
and life science) rather in a specific area of science (such as force and motion or 
genetics). In addition, these assessments seek responses from students who have 
experienced a wide range of different learning environments, both in-school and 



USING LEARNING PROGRESSIONS TO INFORM LARGE-SCALE ASSESSMENT 

213 

out-of-school. While there are important differences among the assessments 
included in this chapter in terms of details of format, development, administration, 
and reporting, the underlying criteria for evaluating items to be included in these 
assessments are similar. We believe that these commonalities permit meaningful 
discussion of issues that must be considered by anyone interested in using LP 
frameworks to inform large-scale assessment development. 
 As explored in this chapter, LP frameworks represent a fundamentally different 
way of conceptualizing and reporting student achievement. LP-based items may be 
used to align large-scale assessments with the best current research in the field. In 
particular, (a) assessments may be grounded in research on student learning, (b) 
assessments and reports of assessment results may be organized around a smaller 
number of strands or big ideas that show continuity across grade levels and are 
assessed in greater depth, and (c) student learning may be described in terms of 
qualitatively changing knowledge and practice rather than mastery of a checklist of 
standards or benchmarks. 
 LP frameworks may push large-scale assessment systems towards a new vision 
of student achievement. Eventually, LP frameworks may result in entirely new types 
of assessments; however, in this chapter we focus on how LP-based items may be 
incorporated—in a limited way, at first—into existing large-scale assessment 
systems. There are two very practical reasons for this focus. First, we are more 
likely to make small adjustments to current systems than to create an entirely new 
assessment system. Since significant infrastructure exists for current assessment 
systems, it seems unwise not to capitalize upon this infrastructure for assessing large 
numbers of students. Second, currently it is not possible to create an assessment 
including only LP-based items (due in large part to the limited availability of 
validated LP frameworks covering the entire science curriculum). 
 Incorporation of items based on well-researched—but not yet fully validated—
LP frameworks into large-scale assessments (particularly as part of pilot/field 
testing) allows us to collect data from a representative sample of the target 
population. Researchers often do not have access to such representative samples; 
thus data collected as part of large-scale assessments may be especially vital for 
refining the LP framework and associated items to ensure that they represent the 
target population rather than the (often narrower) population participating in 
research studies. Therefore, we see great potential in using LP frameworks to 
inform existing large-scale assessments—both for pushing existing assessments 
towards greater alignment with current research and for laying the groundwork for 
new types of assessments that may be envisioned in the future. 
 However, it is our contention that a LP-based approach to student assessment is not 
necessarily compatible with current large-scale assessment systems. This is an 
argument we develop in the chapter as the basis for considering the challenges 
associated with incorporating LP-based items into the current large-scale context. In 
particular, we address a central question: How can LP-based items fit into a large-
scale testing apparatus designed to make different claims about student achievement? 
Consideration of this question necessarily involves an acknowledgement of the 
requirements and constraints imposed by large-scale assessment systems as well as an 
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exploration of the ways current practices can be modified in order to (a) heed calls for 
the use of LPs in large-scale assessments and (b) take advantage of the opportunities 
LP frameworks may offer to assess science content in greater depth. We are writing 
this chapter at a time when important changes in large-scale assessment systems are 
“on the horizon”; these changes may significantly impact the compatibility between 
current large-scale assessment systems and LP-based items.3 In this chapter, we focus 
on current realities of the large-scale assessment context. We are hopeful that future 
developments will address some of the challenges we discuss in the chapter. 
 Because the NAEP assessment framework is the first to recognize the potential 
role of LPs and because of our familiarity with this assessment system, we use 
NAEP as a context for exploring challenges, noting contrasts with other types of 
large-scale assessment where relevant. We begin by discussing differences 
between the purpose of a LP-based approach and those of current large-scale 
assessment systems. We follow this discussion with a detailed consideration of 
contrasting practices related to (a) item development, (b) pilot/field testing, (c) item 
analysis and evaluation, (d) design of operational assessments, and (e) scoring and 
reporting. We conclude the chapter with recommendations for both researchers and 
assessment developers. 

CONTRASTS BETWEEN A LP-BASED APPROACH AND CURRENT LARGE-SCALE 
ASSESSMENT SYSTEMS 

As described above, LP frameworks have the potential to transform large-scale 
assessment of student achievement in science. However, realization of this 
potential depends critically upon the alignment between LP-based approaches and 
large-scale assessment systems, in terms of both purposes and specific features of 
the testing apparatus. 
 This section explores these contrasts, starting with the different purposes 
underlying the LP-based approach and current large-scale assessment systems. 
This discussion is followed by consideration of differences in assessment practices. 
The former discussion represents policy considerations: whether large-scale 
assessment systems should incorporate the different purpose (and vision of student 
achievement) associated with a LP-based approach. The latter discussion 
represents design considerations: the adjustments needed in current practices for 
implementation a LP-based approach in a large-scale assessment context. 

Contrasting Purposes: Policy Considerations 

Current large-scale assessment systems. Large-scale assessments typically make 
claims about whether students (or groups of students) have reached particular 
benchmarks for their grade level. These benchmarks often describe students’ mastery 
of broad areas of the curriculum, such as “science.” For example, all NAEP 
assessments define three levels of achievement—basic, proficient, and advanced: 

Basic denotes partial mastery of prerequisite knowledge and skills that are 
fundamental for proficient work at each grade. Proficient represents solid 
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academic performance for each grade assessed. Students reaching this level 
have demonstrated competency over challenging subject matter, including 
subject-matter knowledge, application of such knowledge to real world 
situations, and analytical skills appropriate to the subject matter. Advanced 
signifies superior performance (NAGB, 2008, p. 10). 

Although examples are provided to illustrate what students at each achievement 
level for a particular grade level “should know and be able to do in terms of the 
science content and practices identified in the [NAEP] framework” (NAGB, 2008, 
p. 127), NAEP reports focus primarily on broad descriptions of student 
achievement. State and local assessments define levels of achievement in similarly 
broad ways. Indeed, the No Child Left Behind (NCLB) Act of 2001, which 
influences much current state assessment policy, requires that states’ academic 
achievement standards describe three levels of achievement—two high levels 
(proficient and advanced) and one lower level (basic). For both NAEP and state 
assessments, these levels are designed to indicate the extent to which students (or 
groups of students) have mastered a set of desired knowledge and skills (defined by 
the assessment framework) for a particular grade level. 
 Despite this general commonality of purpose, large-scale assessments differ in 
the particular types of claims they make. The NAEP assessments make claims 
about groups of US students at three grade levels (four, eight, and 12)—both 
overall and for key reporting subgroups. Results are reported as average scale 
scores and percentages of students who reach each NAEP achievement level. 
NAEP releases a national-level “report card” and also produces reports based on 
state- and urban district-level results. In addition to providing a “snapshot” of 
students’ achievement in a particular year, the NAEP assessment system reports 
trends in student achievement over time. 
 In contrast, state assessments make claims about individual students. Although 
these results may be aggregated at the school level as the percentage of students 
achieving a level of proficient or higher, this aggregation is based upon scores for 
individual students. States produce reports for various stakeholders, including 
students, teachers, parents, schools, districts, and the public. While some states 
currently use growth models to track the performance of individual students from 
year to year, all states report the percentages of students who demonstrate 
achievement at each performance level (overall and by subgroups) to meet NCLB 
requirements. Although this reporting is similar to NAEP’s reporting of the 
percentages of students at each achievement level, the specific trend reporting and 
item release requirements for NAEP and state assessments may be quite different. 
 LP-based approach. At a superficial level, LP frameworks may seem similar to 
standards documents or assessment frameworks in that they specify performances 
associated with student knowledge and practice at different levels of sophistication. 
Both standards-based assessments and LP-based assessments seek to measure and 
report students’ increasing scientific competence, but the claims they make are 
different. Standards-based assessments measure and report the acquisition of 
scientific knowledge, describing competence in terms of the standards that have and 
have not been mastered. In contrast, LP-based assessments make claims about 
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where the performances of students (or groups of students) fit in a succession of 
increasingly sophisticated ideas and practices. In contrast to typical achievement 
levels (as described above), LP levels articulate the ideas and practices characteristic 
of students at a given level of sophistication. Importantly, these descriptions do not 
include only scientifically correct ideas; at lower levels they also identify non-
canonical ways of thinking that may be useful for learners in terms of their present 
ideas and practices and may be productive, leading to more sophisticated 
understandings. Just as “pioneer species” in an ecosystem can create the conditions 
in which other organisms can flourish, non-canonical ideas and practices can 
represent steps toward mature scientific understanding. Thus LP-based assessments 
provide evidence of succession in a conceptual ecology (Posner, Strike, Hewson, & 
Gertzog, 1982; Toulmin, 19724). Rather than considering the acquisition of 
scientific knowledge to be indicated solely by an increase in the number of items 
that students are expected to answer correctly, this view focuses on the evolution of 
students’ conceptual ecologies from lower to higher levels of sophistication. 
 Ideally, standards-based assessment frameworks reflect coherence from grade 
level to grade level, with expected knowledge and practices increasing in 
sophistication with increasing grade level. However, because these assessments 
report on students’ mastery of the standards at a given grade level, there is typically 
little consideration of how performance at that grade level relates to expectations 
for the grades above and below. In contrast, LP-based assessments place student 
performances within a larger framework, typically one spanning multiple grade 
levels. Although LP-based assessments may still specify a desirable level of 
performance at a given grade level, the goal of such assessments is not simply to 
report whether students have achieved that level. Instead, claims from LP-based 
assessments characterize students’ knowledge and practices, even if they are above 
or below expectations for a given grade level. As discussed below, LP-based 
assessments may require opportunities for students to express a greater range of 
knowledge and practices than standards-based assessments do since the latter focus 
on a narrower range of competencies. In contrast to a standards-based assessment, 
which administers an item tapping a given standard only at the associated grade 
level, a LP-based assessment might administer the same (or a similar) item to 
students at multiple grade levels. 
 Necessarily, LP level descriptions—and the corresponding claims about 
students’ knowledge and practices—are related to specific areas of the science 
curriculum. These claims contrast with claims by large-scale assessment systems 
that span much broader content domains. For example, student achievement on the 
NAEP science assessment is reported in terms of science overall as well as for the 
broad content areas of life, physical, and earth science (Grigg, Lauko, & 
Brockway, 2006). In contrast, LP-based assessments yield claims about students’ 
knowledge and practices for much narrower domains, which may cut across 
traditional content areas. For example, drawing upon examples in this volume, LP-
based assessments may provide information about students’ levels of 
understanding of celestial motion (Plummer, this volume) or carbon-transforming 
processes (Jin & Anderson, this volume). 
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Contrasting Practices: Design Considerations5 

The use of LP frameworks to inform large-scale assessment systems requires some 
level of agreement about the purpose of the LP-based approach; as described 
above, this is a policy consideration. However, this “buy-in” is only the first step in 
incorporating LP-based items into a large-scale assessment system. The purpose 
behind existing large-scale assessment systems influences every aspect of their 
design and use. As such, the incorporation of LP-based items would necessitate 
some adjustments to current practices. These possible adjustments are discussed in 
the next five subsections: (a) item development, (b) pilot/field testing, (c) item 
analysis and evaluation, (d) design of operational assessments, and (e) scoring and 
reporting. 
 Item development. In considering the use of frameworks to inform item 
development, it seems important to distinguish between content progressions—
which use research evidence to sequence particular science content and practices—
and LPs—which attempt to describe the way students’ thinking develops over time 
(within and across grades). While current standards and assessment systems use 
content progressions to establish expectations for students at different grade 
levels,6 the LP-based approach to item development requires attention to students’ 
conceptual ecologies—the ideas characteristic of students at a given level of 
sophistication (including ideas that are fully correct as well as those that are still 
being refined). 
 LP-based item development is complicated by the nature of LP frameworks 
themselves. Typical content frameworks that guide the development of large-
scale assessments are relatively stable. For example, the earlier NAEP 
framework (NAGB, 2004) was used for a ten-year period (1996–2005). As 
policy documents, these frameworks are revised in response to changing 
expectations for what students should know and be able to do. While revisions 
may be based upon research findings, such findings are not their primary 
influence. Many other considerations—such as typical curricula for the target 
population—also come into play. In contrast, LP frameworks are hypotheses 
about the way student thinking develops (Corcoran et al., 2009; NAGB, 2007). 
As such, they are subject to evaluation and revision in light of additional 
evidence. Thus the LP frameworks that guide item development must be 
considered to be provisional, with revisions expected in response to data 
collected as the items are administered. Importantly, because large-scale 
administrations (of both pilot/field and operational assessments) offer 
opportunities to collect data from a much larger, more representative sample of 
students than is typically available to researchers, it is expected that LP 
frameworks and associated items will change in response to the data collected in 
large-scale assessment systems. 
 Item development for typical large-scale assessments is a linear process in 
which frameworks are written and then used to inform item development. In 
contrast, the development of LP frameworks and associated assessment items is 
an iterative process, consistent with the “assessment triangle” described in 
Knowing What Students Know (NRC, 2001). Although the highest level of a LP 
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framework can be defined according to standards-based expectations, the lower 
levels must be constructed empirically, based upon actual student performance 
data (NRC, 2007). Thus the LP frameworks and associated assessments  
co-evolve, with students’ responses to assessment items used to both validate and 
revise the frameworks. 
 Consistent with the overall purpose of traditional large-scale assessments, a 
large item pool is developed to cover the assessment framework, with each 
independent item designed to measure a specific assessment objective in order to 
allow evaluators to make judgments about students’ mastery of particular science 
knowledge and/or practices. In contrast, a LP-based approach requires coherent 
sets of items that provide evidence of students’ thinking about a specific concept. 
This evidence may be used to determine students’ LP levels. This determination 
involves evaluating the level of sophistication of students’ thinking rather than 
assigning a score based solely on the accuracy and completeness of their answers. 
While an individual item (or small set of items) may be used to determine whether 
student thinking reflects a particular level of the LP framework, this information is 
most useful when one is reasonably confident that a student’s thinking is consistent 
with a subset of the levels of the LP framework. Without a priori information about 
students’ general location on the LP framework, items that elicit responses at a 
range of levels are more consistent with the LP-based approach. This is because—
rather than checking for particular understandings expected at a given grade 
level—the LP-based approach characterizes students’ thinking even if it is not 
consistent with expectations for their grade level. However, items that elicit 
responses at a range of levels are challenging to write. In order to obtain an 
accurate evaluation of the sophistication of students’ thinking, the item prompt and 
options for multiple-choice (MC) items or instructions for constructed-response 
(CR) items must make sense to students who have a wide range of understandings 
(possibly at different grade levels) and must elicit their highest level response. 
Challenges also arise in differentiating between responses at two adjacent levels for 
a given item because adjacent levels may differ on aspects of student thinking not 
tapped by a particular item (see the example item in Figure 2). 
 LP-based items may look similar to more traditional items, but there are 
important differences in how LP-based items are designed and scored. Given the 
purpose of LP-based items, the scoring must yield information with respect to the 
levels of the LP framework rather than simply indicate whether the response is 
correct or incorrect—or (for polytomous items) the extent to which required 
components of a complete and correct answer are included. 
 In the following subsections, we give descriptions and examples of some 
common LP-based item formats. We link our examples to a LP framework (Table 
1) that describes students’ explanations of phenomena involving physical change. 
This LP framework is derived from the carbon LP framework (see Jin & 
Anderson, this volume). We have expanded and slightly revised the carbon LP 
framework to address matter-transforming processes involving physical change. 
Thus neither the LP framework nor the associated items have been empirically 
validated.7  



USING LEARNING PROGRESSIONS TO INFORM LARGE-SCALE ASSESSMENT 

219 

Table 1. Learning Progression Framework for Explanations of Physical Change 
Phenomena. 

General Level 
Description Characteristics of Explanations 

Level 4: Linking 
phenomena at 
different scales with 
conservation of 
matter 

• Macroscopic phenomena are explained in terms of accurate changes at the 
atomic-molecular scale. 
– Explanations for phase changes provided in terms of atoms or 

molecules (e.g., organization and/or movement at the atomic-
molecular level). 

• Conservation of matter constrains explanations at both macroscopic and 
atomic-molecular scales and for all phases of matter. 
– Chemical identity is preserved at the molecular level (e.g., the 

molecules involved in ice, water, and steam are the same). 
Level 3: Linking 
phenomena at 
different scales with 
unsuccessful 
constraints 

• Macroscopic phenomena are explained in terms of inaccurate changes at the 
atomic-molecular scale. 
– Chemical identities may be altered during phase change (e.g., air 

molecules may be thought to change into water molecules during 
condensation). 

– Macroscopic properties are attributed to atoms and molecules (e.g., 
during thermal expansion, the metal molecules expand; during 
freezing, molecules of water change into molecules of ice). 

• Conservation of matter constrains explanations in the solid and liquid 
phases but not the gas phase. 
– Mass is conserved for transformations involving solids and liquids. 
– Gas molecules may be viewed as having less mass than molecules in 

the liquid or solid phase; therefore, substances gain or lose mass 
during phase transformations involving the gas phase.

Level 2: Force-
dynamic accounts 
with hidden 
mechanisms 

• Readily observable phenomena are linked to hidden mechanisms with 
limited conservation of matter constraints. 
– Matter is considered to have mass even if it is not readily perceptible 

(e.g., gases and small amounts of liquids and solids have mass); 
however, readily perceptible matter is thought to have more mass 
(e.g., a pile of fine sand is thought to have less mass than the rock that 
was ground to create the sand). 

– In physical change involving a single phase, type of matter is 
conserved (e.g., fine sand can be seen as tiny pieces of rock). 

– In phase changes, one substance may be turned into another (e.g., 
water is turned into ice during freezing; air is turned into water during 
condensation). 

Level 1: 
Macroscopic force-
dynamic accounts 

• Focus on perceptions of readily observable phenomena without 
conservation of matter constraints. 
– Gases and small amounts of liquid and solid substances are not 

considered to have mass. 
– Ice, water, and steam are viewed as three different substances that 

may appear or disappear without concern for conservation of matter 
(e.g., when liquids evaporate, they are thought to disappear). 

 Ordered multiple-choice (OMC) items. The OMC item format was proposed 
specifically to assess student learning with respect to hierarchically ordered 
descriptions of understanding—such as LPs (Briggs, Alonzo, Schwab, & Wilson, 
2006). As illustrated in the example in Figure 1, these items look like typical MC 
items. However, instead of one correct and three incorrect options, all of the 
options in an OMC item are mapped directly to levels of the LP framework, such 
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administrations (as for NAEP) or sets of items embedded in operational 
assessments (as for many state assessments) may be used for pilot/field testing. 
Due to the preliminary nature of most available LP frameworks as well as the 
iterative process required to develop these frameworks and associated assessment 
items, LP-based items would likely require multiple pilot/field testing phases. This 
testing significantly increases the length of time required for the development 
process and thus has serious implications for the timing of the pilot/field testing 
relative to the operational assessment. For example, NAEP and TIMSS currently 
conduct science assessments approximately once every four years and include a 
pilot/field test phase prior to each operational assessment. The inclusion of LP-
based items would increase the amount of pilot/field testing currently required and 
thus may mean more time is required from the beginning of item development until 
the inclusion of items in an operational assessment. This may be less of an issue for 
state assessments that are conducted every year and that may already include new 
item pilot/field testing as part of each operational assessment. 
 In addition, the collection of pilot/field test data must be carefully structured in 
order to yield information that can be used to refine the LP framework and to 
evaluate its associated items. An important consideration is the extent to which 
understandings at a particular level of the LP framework “hang together” across 
different items and contexts. For example, to investigate Level 3 of the LP 
framework in Table 1, we would be interested in whether students use 
conservation of matter as a constraint in multiple contexts involving liquids and 
solids (e.g., thermal expansion and freezing) and whether students who attribute 
macroscopic properties to atoms and molecules also have difficulty using 
conservation of matter as a constraint on changes involving the gaseous phase. 
These questions cannot be answered by distributing LP-based items across 
different test booklets. Instead, some students in the pilot/field test sample must 
answer a set of LP-based items (e.g., items tapping different contexts—such as 
thermal expansion, freezing, and evaporation—and different aspects of the LP 
framework—such as the identity of atoms/molecules and the properties of 
atoms/molecules) so that their performance can be examined across the set of 
items. This requirement may require significantly different pilot/field test designs 
than are currently used in large-scale assessment systems. For example, rather 
than distributing LP-based items across a set of pilot/field test booklets, with only 
1–2 LP-based items per booklet, a LP-specific pilot/field test booklet may be 
required as part of the item development process. 
 The inclusion of LP-based item sets raises an issue about item-level sample 
sizes that relates to the nature of item analyses needed. When only item-level 
descriptive statistics are needed to evaluate the quality of items, pilot/field tests can 
use much smaller sample sizes than operational assessments. However, the more 
complex analyses required for the evaluation of LP-based item sets may warrant 
larger pilot/field test samples. Estimates of required sample sizes depend upon 
clear statistical criteria for evaluation of LP-based item sets. As discussed below, 
these criteria are still being developed. 
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 Item analysis and evaluation. Both developers of large-scale assessment 
systems and LP researchers have developed ways to evaluate the results of 
field/pilot tests in order to select items for inclusion in operational assessments. 
The criteria for evaluating items for inclusion in typical large-scale assessments are 
well-established. However, for the reasons discussed below, these criteria may be 
inappropriate or inadequate for evaluating LP-based items. At the same time, LP 
researchers have developed criteria for evaluating the quality of items for assessing 
students with respect to LP frameworks; however, these criteria may differ from 
those used to evaluate items for large-scale assessments. Criteria for both 
traditional large-scale and LP-based items influence the methods—and timeline—
for considering the quality of LP-based items and their potential for inclusion in 
large-scale assessments. A challenge in incorporating LP-based items into large-
scale assessment systems is to conceptualize “quality” and the psychometric 
techniques that ensure items will be of sufficient quality, from both the large-scale 
and LP perspectives. 
 In addition, any evaluation of LP-based items necessarily includes concurrent 
evaluation of the LP framework itself. Field/pilot tests of LP-based items provide 
evidence about both the items and the LP framework. Anderson (2008) identified 
three criteria for the validity of LP frameworks: conceptual coherence, 
compatibility with current research, and empirical validation. The third criterion 
relies in large part upon the observation and interpretation of student performances: 
responses to LP-based items (and other assessment techniques such as interviews). 
In particular, a valid LP framework should “describe actual observed performances 
by real students” (Anderson, 2008, p. 4), and students should demonstrate 
consistent performance (e.g., provide responses at the same—or similar—level(s) 
of a LP framework) across different items or modes of assessment. LP frameworks 
must be constantly evaluated in terms of these criteria, in light of available 
evidence (including that from the administration of items as part of large-scale 
assessment systems). 
 In typical large-scale assessment development, items at the pilot/field test stage 
are evaluated individually for their technical properties (e.g., item difficulty and 
item discrimination). These criteria are based on the requirements of scaling 
methods (the techniques used to transform the raw score—number of items 
answered correctly—to a score on the assessment). While LP-based items may be 
evaluated using the same criteria, they may not function as well as typical large-
scale assessment items according to these criteria. 
 We next present descriptive item statistics that are typically used to select items 
for inclusion in operational large-scale assessments. We also address how LP-
based items might be evaluated according to similar criteria. 
 Item difficulty. Item difficulty is one of the most important and commonly used 
statistics in evaluating pilot/field test items for traditional large-scale assessments. 
One measure of item difficulty is the item mean score, which for dichotomous 
items is the percentage of students who respond correctly. For polytomous items, 
item difficulty is the average score expressed in terms of the proportion of 
maximum points on the item. Thus item mean scores range from 0 to 1. For large-
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scale assessments, extremely easy or extremely difficult items (item mean scores 
<0.1 or >0.9) may not be selected for the operational assessment due to scaling 
requirements. While some items from the lower and upper ends of the scale are 
included, the majority of items fall in the middle range (item mean scores between 
0.3 and 0.7). Thus, even for criterion-referenced assessments, this metric entails a 
norm-referenced interpretation. 
 Item mean scores may be calculated for LP-based items; however, the 
interpretation of these statistics for LP-based items is substantially different from 
that for traditional polytomous items. Because LP-based items are not designed to 
reflect “correctness,” but rather the level of students’ understanding, item mean 
scores must be interpreted as the mean LP level. There are at least two ways of 
thinking about this statistic. First, viewing the LP framework as a description of a 
continuous variable (the sophistication of students’ knowledge and practices) in 
terms of discrete levels, a mean level of 2.6 indicates a level of sophistication 
between Level 2 and Level 3. Second, viewing the LP levels as representing 
milestones in students’ thinking, each with a characteristic conceptual ecology, a 
mean level of 2.6 indicates a greater probability of holding ideas consistent with 
Level 3 as compared to Level 2. For a LP framework with 4 levels, it is 
inappropriate to interpret the mean level of 2.6 as indicating 65% correct. 
 While the desired difficulty range of items on a traditional assessment may be 
established in advance, the expected LP level is less clear. Judgments about this 
level are likely to be influenced both by empirical data and by matches to content 
expected at different grade levels (i.e., standards or assessment frameworks). 
Consideration of mean item scores for large-scale assessments ensures that the test 
will not be too easy or too difficult for the vast majority of examinees and thus that 
the assessment allows them to demonstrate their understanding of science. 
Extending this idea to LP-based items means asking whether an item will elicit 
evidence of thinking from students at, above, and below the LP framework level 
expected for a particular grade level. For example, does an item about the chemical 
identity of substances involved in a phase change (Level 3 and Level 4 of the LP 
framework in Table 1) make sense to a student who does not yet view conservation 
of matter as a constraint (Level 1)? 
 Item discrimination. Item discrimination is a measure of an item’s ability to 
discriminate between higher- and lower-performing students based upon 
correlations between the item score and an overall measure of performance (i.e., 
total test score). Item discrimination indices range from -1 to +1, and negative 
indices are clear indicators of a problematic item. Items with low but positive item 
discrimination may also be flagged in large-scale assessments; the criteria vary 
depending on the nature of the item pool and the range of item difficulties. While 
some items with lower discrimination are included in operational assessments to 
ensure framework coverage, ideally items will have discrimination indices at or 
above 0.5. Because of this requirement, MC items selected for inclusion in 
operational assessments typically include one clearly correct response and a set of 
clearly incorrect responses. The structure of the LP-based OMC item format may 
lead to inherently lower item discrimination since options are written to correspond 
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to levels of the LP framework, and distinctions between the ways that students at 
adjacent levels are expected to think about a phenomenon may be subtle. Thus 
these items may not correlate well with a total score for the overall assessment 
since students who perform well on traditional MC items may be attracted to lower 
level options in OMC items that reflect typical (although not completely correct) 
student thinking. 
 Measures of the consistency of students’ responses—the extent to which they 
select responses at about the same LP level across different items—may be more 
appropriate for evaluating sets of LP-based items. Cronbach’s alpha and/or 
polytomous item response theory (IRT) models may be used to evaluate this 
consistency; however, as noted by Briggs and Alonzo (chapter 13), these 
techniques may not account for important features of OMC items. Thus additional 
psychometric techniques may be required to fully evaluate this aspect of LP-based 
item quality. 
 Frequency distributions. In typical large-scale assessment systems, the 
percentages of students who choose particular responses (for MC items) or who 
respond at particular score levels (for CR items) are evaluated for any unusual 
response patterns. Items may be flagged if there are incorrect options for MC items 
or score levels for CR items with very low percentages of students. Mean overall 
test scores for students in each response category may also be used to identify MC 
items with problematic options or CR items for which the mean overall test scores 
do not follow the expected pattern across increasing item score levels. Because LP-
based items aim to provide students with the opportunity to respond at different LP 
levels and because we do not necessarily expect students at a given grade level to 
be distributed across all levels, low percentages of students may choose OMC 
options or respond to a CR item at a given level of the LP framework. This is 
particularly true if the same item is administered to students at different grade 
levels. For example, suppose that an OMC item linked to a four-level LP 
framework is administered to students in grades four and eight. We might expect 
students in grade four to respond primarily at Levels 1–3, with very low 
percentages selecting the Level 4 option. We might expect students in grade eight 
to respond primarily at Levels 2–4, with very low percentages selecting the Level 1 
option. Rather than indicating there is a problem with the item, these results may 
provide an accurate reflection of student thinking at the two grade levels. In order 
to determine if results such as these indicate a poor item or reflect the distribution 
of LP levels across the target population, one needs to examine response patterns 
across a set of LP-based items and across grades for cross-grade items. 
 To evaluate an individual LP-based item, additional information about the 
distribution of LP levels in the population of students is required. At the most basic 
level, as in the example above, we expect the distribution of LP levels in the grade 
eight population to be skewed towards higher levels of the LP framework than the 
grade four population. Thus a clear “red flag” is raised if students in grade four 
respond at higher LP levels than students in grade eight. When a set of LP-based 
items is administered, the distribution of LP levels (for a given population) based 
upon a single item can be compared to the distribution across the set as a whole. 
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 Inter-rater reliability (IRR). For items requiring scoring judgments (i.e., CR 
items), IRR is another important consideration in selecting items for an operational 
assessment. Large-scale assessments set IRR targets (minimum standards for 
scorer agreement) based on the number of score levels and scaling requirements. 
At the pilot/field test stage, items with IRR substantially below target require 
further revision to the items and/or scoring guides before inclusion in an 
operational assessment. During scaling, score levels that do not clearly 
discriminate may be collapsed into a single score level (e.g., partially correct and 
correct levels may be collapsed to convert a three-level item to a two-level item). 
While this situation is not ideal, it can be accommodated by the use of scaling 
models. However, collapsing of score levels is inappropriate for LP-based items 
since there is no defined LP level that corresponds to the collapsed score category. 
Therefore, considering how LP-based item scores are analyzed, interpreted and 
reported, the IRR requirements for LP-based items may be different than those for 
traditional CR items. 
 As noted above, LP-based items require a different type of scoring guide than 
traditional CR items. Traditional short CR items may have two score levels (correct 
and incorrect) or three score levels (correct, partially correct, and incorrect). 
Extended CR items may have four or five score levels. LP-based scoring guides, 
even for short CR items, necessarily have multiple score levels that correspond to 
those in the LP framework itself (typically four or five score levels). As described 
above, LP-based scoring guides define the “holistic” LP score levels, describe how 
these levels apply to the particular item, and illustrate how student responses map 
to each score level. For LP-based items, scorers do not evaluate the accuracy or 
completeness of particular components of a student’s answer. Instead, scorers 
identify the LP level that most closely matches the nature of thinking revealed by a 
student’s answer. This scoring procedure requires familiarity not only with the LP 
framework itself but also with how students are likely to express their thinking at 
each level. 
 Extensive scorer training will be required to achieve adequate IRR for LP-based 
items due to this different approach to scoring. In addition, as more assessment 
programs move towards computer-based testing, the use of automated scoring may 
be considered for CR items. However, automated scoring may not be possible for 
LP-based items. Rather than looking for specific components of a student’s answer 
or the use of particular terminology, scorers of LP-based items need to evaluate the 
nature of students’ thinking. Such evaluations seem beyond the capabilities of most 
automated scoring systems. 
 Differential item functioning (DIF). DIF analyses, including Mantel-Haenszel 
and IRT-based or logistic regression-based methods, are used to examine 
differential response patterns across groups of respondents. Large-scale 
assessments may include DIF analyses to evaluate any potential bias against key 
reporting subgroups (e.g., gender, race/ethnicity, sampling jurisdiction). 
Assessment development experts and subject matter specialists review all items 
identified as having DIF in order to decide if language or content unfairly makes 
the item more difficult for a particular subgroup.  



USING LEARNING PROGRESSIONS TO INFORM LARGE-SCALE ASSESSMENT 

229 

 Evaluating DIF for LP-based item sets may require additional considerations 
beyond those used for the standard subgroups. Since LP frameworks are often 
developed in the context of particular curricular environments—or in a narrow 
geographic region, in which curricula may exhibit little variation—it may be 
especially important to evaluate LP-based item sets for DIF related to students’ 
exposure to different curricula. While particular curriculum materials may 
influence students’ levels of understanding of a concept, students’ performances 
should not be unduly influenced by particular experiences or by the way tasks are 
framed in particular curricula. An additional challenge is posed by the underlying 
theoretical assumption that a given LP framework is not the only pathway to full 
scientific understanding. Instead, multiple pathways are possible, and the pathway 
that a given student takes may be influenced by his/her prior knowledge and out-
of-school experiences. As additional research is conducted to evaluate alternative 
pathways, DIF analyses must ensure that assessments accurately evaluate the 
progress that a range of students takes toward achieving scientific understandings. 
 Item evaluation summary. Thus, while typical item statistics can be calculated 
for LP-based items, they may not be the most appropriate and certainly are not the 
only method needed for evaluating these items. Most fundamentally, LP-based 
items cannot be evaluated using only individual item-level statistics; rather, they 
must be evaluated as a set. Then the question becomes not one of the performance 
of a particular item (according to criteria for its item statistics) but of the 
performance of the set. In particular, the evaluation must focus on the extent to 
which the set of items captures the thinking represented by the LP framework (and 
the extent to which the LP framework reflects actual student thinking). Ideally, a 
student’s responses to the set of items would all be at roughly the same level of the 
LP framework. Deviations from this ideal should be examined to determine 
whether the LP framework misses or mischaracterizes some aspect of student 
thinking and/or whether particular items fail to accurately elicit student thinking 
with respect to the LP framework. Although traditional analyses and criteria may 
be inadequate or inappropriate for evaluating LP-based items, alternatives have not 
yet been fully developed. The chapters in the Modeling Learning Progressions 
section of this book, which focus on modeling students’ responses to LP-based 
items, represent a first step towards identifying appropriate quantitative techniques 
and criteria for the evaluation of LP-based items. 
 In addition, the evaluation and modification of LP frameworks and associated 
items require—to a greater extent than more traditional items—the coordination of 
both quantitative and qualitative data about students’ responses. In-depth analyses of 
students’ written responses to CR and C-E items, as well as cognitive labs or other 
techniques for eliciting student thinking as they answer items, are needed. Student 
interviews may also be required to inform the language used to provide directions for 
LP-based item sets in test booklets. (This issue is discussed in more detail below.) 
Although cognitive labs and small-scale student try-outs are often conducted as part 
of large-scale assessment development, these studies are particularly important for 
the evaluation of LP frameworks and their associated assessment items. Such small-
scale studies are essential for establishing the nature of students’ thinking (for use in 
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further developing and validating the LP framework) as well as for understanding 
how well the proposed items tap that thinking. The timeline for an operational 
assessment must consider that additional cognitive labs, interviews, and small-scale 
studies may increase the duration of the item development phase. 
 Design of operational assessments. The design of current large-scale 
assessments is an important consideration in using LP-based items as part of large-
scale assessment systems. As noted previously, large-scale assessment frameworks 
reflect broad content coverage, and the item pool must adequately cover the 
framework to ensure content validity of the reporting scales. For example, NAEP 
science assessments typically include between 150 and 200 items at each grade that 
are assembled into 25-minute blocks containing items from each of the content 
subscales; these blocks are paired in multiple test booklets. Each student takes two 
blocks—about 25–30 items—that reflect only a fraction of the total assessment. 
NAEP uses IRT scaling and imputation methods to produce population and 
subgroup estimates based on the subset of item responses from each student in the 
sample. TIMSS uses a similar approach to assessment design to ensure broad 
content coverage while minimizing the test burden on individual students. In 
contrast, state assessment systems may use a single test at each grade level, with 
the use of anchor items to link the forms administered in different years. 
 In order to obtain a reliable measure of individual students’ LP levels, they must 
each respond to a set of LP-based items focused on a particular science topic. 
While LP-based items may be distributed across booklets for an assessment (such 
as NAEP) designed to make claims about populations (rather than individuals),  
the number of items required to obtain a reliable measure of the LP level for those 
populations would certainly exceed the coverage that any particular objective 
normally receives on the assessment. Thus the decision to include LP-based items 
in large-scale assessments necessarily represents a commitment to over-
representing particular areas of the content framework. Care is required to ensure 
that the over-representation of LP-specific content does not compromise the 
content validity of the resulting test scores, which should reflect the broad content 
coverage specified in the framework for a particular assessment. It is, therefore, 
important that any LP frameworks measured in the assessment focus on big ideas 
in science or on key concepts that have a high priority in the framework. 
 If LP-based items are included in test booklets with more typical items, an 
additional consideration is the way these items are presented to students. While 
OMC items may look identical to traditional MC items, they require a slightly 
different type of response from students. Rather than selecting the “correct” or 
“best” answer from fairly distinct options, students choose the option—from a set of 
options that may differ only subtly—that is most consistent with their thinking. 
Thus the two types of items may require different response processes. This situation 
raises concerns about presenting students with both traditional MC and OMC items 
in the same testing environment since the inclusion of OMC items may lead to 
confusion or unintended variability in how students interpret and respond to both 
types of MC items. The extent to which this concern is warranted is an empirical 
question that has yet to be answered. Keeping LP-based items in a different test 
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section and providing a special set of general directions before the section may 
mitigate concerns about students’ confusion when responding to OMC items. 
 Scoring and reporting. As discussed in the previous section, the design of an 
operational assessment requires decisions about the characteristics of the entire 
item pool and about the way the items are presented to students. These decisions 
have important implications for how results are reported. The inclusion of LP-
based item sets introduces additional decisions and questions related to reporting. 
As mentioned in the previous section, some types of LP-based items may 
contribute to main reporting scales; however, in order to realize the vision reflected 
in the LP-based approach, additional LP-specific reports would also be required. 
This section addresses both typical large-scale reporting practices and 
modifications to these practices that LP-based items would require. 
 The types of large-scale assessments that are the focus of this chapter report scale 
scores that provide information about students’ achievement relative to performance 
benchmarks for a particular grade level. Cut-scores are established to determine the 
points on the scale that correspond to each benchmark in order to enable reporting 
for individual students (or groups of students) by performance level. Descriptions 
and example items are used to illustrate what students know and can do at each 
level. For example, NAEP reports average scale scores and percentages of students 
for each of three achievement levels (basic, proficient, and advanced) at the 
national, state, or urban district level, overall and for key reporting subgroups  
(e.g., gender, race/ethnicity). However, NAEP does not report scores for individual 
students. TIMSS reports the percentage of students reaching four benchmarks 
(advanced, high, intermediate, and low) internationally and for each participating 
country (Martin, Mullis, & Foy, 2008). State assessments report group-level results 
by achievement level at the state and school levels and also produce student-level 
reports that may include percentile rankings and diagnostic scores that link 
performance levels on particular subscales to recommendations for future learning. 
 Thus large-scale assessment reports are based upon the categorization of 
students using achievement levels for their respective frameworks or assessment 
standards. Although, as described above, the levels in a LP framework have a 
different meaning than achievement levels in typical large-scale assessment 
frameworks, the reporting task is fundamentally similar: categorizing students into 
levels on the basis of their performance on a set of items. In this case, LP-specific 
scales would need to be created with cut-scores to place students at levels of the LP 
framework instead of at broader levels of science achievement. 
 While the overall approach to scaling and reporting is similar for traditional and 
LP-based scales, LP-specific reporting involves additional considerations. LP-
based item sets may span multiple grades in order to report results both within and 
across grades. However, most, if not all, large-scale science assessments, including 
NAEP, do not report cross-grade scales. Scaling (and the establishment of cut-
scores) for traditional large-scale assessments is typically performed separately at 
each grade level in order to make claims about how well students have mastered 
the content expectations for a given grade level. Since LP frameworks are designed 
to describe the progress that students make towards a particular concept across 



ALICIA C. ALONZO, TERESA NEIDORF AND CHARLES W. ANDERSON 

232 

grade levels, scaling (and the establishment of cut-scores) for LP-based items 
should be conducted using data from students at different grade levels. This is 
because the performance indicative of a particular level of the LP framework 
should not depend on the grade level of the students. The range of grade levels that 
can reasonably be covered by a single LP framework must be compatible with the 
grade span of the assessment system (grades four, eight, and 12 for NAEP). 
Incorporating LP-based item sets may require some form of reporting across 
grades, although fully cross-grade scales may not be required. 
 Large-scale assessments such as NAEP typically use IRT models to produce 
scale scores. IRT methods are well-established for producing highly reliable 
individual student-level scores for state assessments or population estimates for 
NAEP. For the reporting of LP-specific scales, alternative measurement and 
reporting models are needed. The chapters in the Modeling Learning Progressions 
section of this book explore three possible measurement/reporting models: IRT 
(Wilson), Bayes Networks (West et al.), and the Attribute Hierarchy Method 
(Briggs & Alonzo). However, as these chapters explain, a number of challenges 
and questions remain regarding this work.  
 In addition, a critical issue—outside the scope of these chapters—is that the 
reliability of LP-specific scales depends upon the extent to which student 
thinking—particularly in the “messy middle” (Gotwals & Songer, 2010, p. 277) 
between naïve and scientific understandings—can be accurately described (by LP 
frameworks) and assessed (by LP-based items). Shavelson and Kurpius (chapter 2) 
raise some concerns about the extent to which LP frameworks can produce reliable 
scores, particularly in the middle of the scale. 
 If LP-based items can be scaled reliably, reports based upon LP levels may 
provide valuable information about the knowledge and practices of individual 
students and/or groups of students in key areas of an overall science assessment. 
This information has diagnostic capability and—particularly when interpreted in 
the context of the whole “story” of student learning represented by the LP 
framework—may be used to improve educational opportunities. However, the 
hypothetical nature of LP frameworks has important implications for another 
common use of large-scale state assessments: making high-stakes decisions about 
students, teachers, and/or schools. Recognizing that LP frameworks are hypotheses 
that do not necessarily include statements about the understanding that students 
should demonstrate at particular educational levels, it may inappropriate to use the 
LP-based scales in such high-stakes decisions. 
 The above discussion has focused on the use of responses to LP-based items for 
reporting students’ achievement in the context of a LP framework. However, if 
these items are part of a larger assessment, designed to report overall achievement, 
one must consider whether and how the LP-based items contribute to the main 
scale. Two considerations are important. First, as discussed above, LP-based items 
are potentially scored differently from similar “regular” items. Second, LP-based 
items may contain content that is not included in the framework for a given grade 
level. (This is particularly true if items are administered to students at multiple 
grade levels.) However, scores on some LP-based items may be rescored or 
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“mapped” onto a scoring scheme that is more consistent with the main scale and 
that necessarily includes variation across grade levels. For example, fourth grade 
students generally are not expected to provide a correct accounting of physical 
change at the atomic-molecular level. Thus the MTF item in Figure 2 could be 
rescored to focus only on the macroscopic properties (mass and volume). However, 
this rescoring could result in giving full or partial credit to an “incorrect” response 
if the content of the item exceeds the content expectations for the student’s grade 
level. In addition, some LP-based items may be used for LP-specific scoring but 
may be unsuitable as contributions to the main reporting scale. For example, 
consider the OMC item in Figure 1. While fourth graders would not be expected to 
provide a correct accounting of physical change at the atomic-molecular level, 
there is no option that reflects the accounting expected of fourth graders. 
 CR or C-E items can be scored either to measure LP levels or to contribute to 
the main scale, depending on the nature of the scoring guide. Because LP-based 
scoring is designed to yield different information about a student’s response, the 
direct mapping of LP-based scores to main scale scores may not be possible. In 
these cases, the LP-based item would be scored two ways—once with the LP-based 
scoring guide and once with a more traditional scoring scheme (e.g., as correct, 
partially correct or incorrect). For example, in the C-E item in Figure 4, a 
traditional scoring of this item might expect eighth or 12th graders to recognize 
that the density of ice is less than that of water; therefore, a correct answer 
differentiates between options B and E. In the LP-based scoring system, these 
responses are collapsed since scoring is based on the conservation of mass at a 
molecular-atomic level, without regard to volume. Thus traditional scoring focuses 
on different aspects of a student’s response. 
 Assessments that measure and report trends in achievement (such as NAEP) 
pose particular challenges in the reporting of LP-based items. Since LP 
frameworks reflect data-based hypotheses, it is reasonable to expect that they will 
change over time; yet reporting of trends requires a stable framework. Therefore, 
trend reporting of LP levels may not be feasible. However, depending on the 
assessment design and item release plans, it still may be possible for some 
individual LP-based items to contribute to the main trend reporting. 
 Finally, as part of the reporting process, administrators of large-scale assessments 
typically release some proportion of items on a regular basis in order to show 
stakeholders what the assessment includes, inform interpretation of test scores, and 
identify potential areas of the curriculum that require more focus.  
LP-based items require special consideration in terms of release policies; these issues 
may be more important for assessments like NAEP and TIMSS than for state 
accountability systems. First, decisions must be made about whether to release  
the LP frameworks themselves. As products of both research and the large-scale 
assessment system, one might argue that the LP frameworks should be made public 
like standards and assessment frameworks. By releasing the LP frameworks, future 
research could refine these frameworks (outside of the large-scale assessment 
system). In addition, LP-based items are not very meaningful without the associated 
LP framework; therefore, release of LP-based items must be accompanied by release 
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of the LP framework in order to fully inform interpretation of student performance on 
the released items. However, this procedure has implications if the same LP 
framework is used to guide future test administrations. If the assessment is designed 
to measure trends (as NAEP and TIMSS do), then multiple test administrations may 
need to include the same LP framework. Release of any information about the LP-
based items may signal to stakeholders an area of the content framework that may be 
over-sampled in future assessments. While teaching to a particular LP framework 
may be desirable in terms of focusing attention on important content, this practice 
may occur at the expense of other content areas. 

RECOMMENDATIONS 

The incorporation of LP-based items into large-scale assessment systems requires 
close collaboration between researchers and assessment developers. In contrast 
with typical practice—in which assessment developers may draw upon research as 
one of many influences on the assessment framework and item development 
process—researchers and assessment developers must work together in an iterative 
fashion to refine the LP framework and its associated items. While large-scale 
assessment should incorporate only well-researched LP frameworks, as 
hypotheses, the LP frameworks may require revision in light of additional 
evidence. Researchers cannot “hand off” a validated (and static) LP framework to 
assessment developers, particularly since the administration of large-scale 
assessments (both pilot/field test and operational versions) provides opportunities 
to collect data that may be otherwise unavailable to researchers. Such collaboration 
may require reconsideration of policies and capacities related to the availability of 
information about large-scale assessment systems. Researchers need access to 
items and data, as well as the ability to share their findings about LP frameworks—
and their instantiation in assessment items—with others in the research community. 
For assessments such as NAEP and TIMSS, test security is a particular concern. 
While the design of state assessments may permit greater release of information, 
the infrastructure required to provide data in forms useful to researchers may be 
more limited. State assessment systems are organized to report test scores for 
individual students and schools; personnel and data management systems may not 
be in place to provide the item-level data needed by researchers. In the following 
recommendations we assume that policies permit envisioned partnerships in which 
researchers and assessment developers play symbiotic although separate roles. In 
recognition of these different roles, we offer separate recommendations for 
researchers and assessment developers. 

Researchers 

In order for LP frameworks to influence large-scale assessments, much more 
research must be conducted to develop well-grounded LP frameworks. For 
instance, the examples of research-based LP frameworks described in the NAEP 
framework (NAGB, 2008) reflect only a small fraction of the total content covered 
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in the assessment. However, as research moves forward, not all studies have equal 
potential to inform large-scale assessment development. Clearly, work on LP 
frameworks that address the big ideas in science are more likely to be consistent 
with large-scale assessment frameworks. The consensus in the science education 
community on the nature of LPs already reflects the idea that LP frameworks 
should focus on key areas of the science curriculum (e.g., Corcoran et al., 2009). 
However, agreement about those key areas may be lacking. This section outlines 
additional considerations for research that may inform large-scale assessment 
development. Other types of research have value as well, but large-scale 
assessment systems require specialized studies from the research community. 
 While much of the research on LP frameworks has a curriculum focus, it is 
important to recognize that large-scale assessments cannot reflect the development 
expected as a result of a particular curriculum. Thus LP frameworks that describe 
typical pathways students take as they progress from naïve to scientific thinking 
about a phenomenon are more useful to the large-scale assessment community. 
Over time, curriculum-based research may influence the way particular concepts 
are taught to students, and LP frameworks would need to be revised to reflect 
changes in typical learning patterns. However, for large-scale assessments, which 
represent a wide variety of students and educational experiences, the goal should 
always be to capture how typical students actually learn rather than how they might 
ideally learn from a particular curriculum. Research at grade levels assessed in 
large-scale assessments is particularly important. 
 Similarly, research is often conducted with convenience samples—groups of 
students whose teachers are willing to work with researchers. However, large-
scale assessments must represent all students in a given geographical area. While 
researchers may not have access to the same population samples available to 
large-scale assessment developers, they should pay attention to the 
characteristics of students included in their research in order to develop LP 
frameworks that minimize the revisions necessary once data from a 
representative sample are available. Similarly, while cross-sectional studies are 
often more convenient, longitudinal explorations of the ways individual students’ 
understandings develop over time are particularly relevant for the development 
and validation of LP frameworks across grades. Without longitudinal data, the 
hypotheses represented by LP frameworks—that students progress through the 
specified set of increasingly sophisticated understandings—cannot be fully 
tested. 
 In addition, research is needed that explores the technical aspects of the 
inclusion of LP frameworks in large-scale assessments. First, research that 
explores and evaluates alternative measurement models may identify LP-
specific techniques for modeling students’ responses to these sets of items. 
Measurement models that are currently used for scaling and imputing scores on 
large-scale assessments may be inappropriate for LP-based items. Alternative 
measurement models are currently being considered (see the chapters in the 
Modeling Learning Progressions section of this book for further discussion). 
Second, research to inform the design of LP-based assessments is needed. In 
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particular, questions remain about the number of LP-based items that can be 
expected to produce a reliable LP-specific score and about the way these items 
should be distributed across students for different types of reporting. Research 
may also help answer questions about the effect of administering items that fall 
outside the content expectations for students’ grade level or about the effect of 
including both OMC and traditional MC items in a single test administration. 
Finally, researchers may provide recommendations on the most effective and 
accurate reporting methods for providing meaningful interpretations of results 
from LP-based items for the broad range of large-scale assessment stakeholders. 

Assessment Developers 

Because the purpose of LP-based items differs from that of more traditional large-
scale items, item-writers and scorers must understand the purpose of these items (to 
elicit responses that can be used to categorize students using the levels of the LP 
framework) and recognize the important features of these items (such as eliciting 
evidence of the nature of students’ thinking at a range of different LP levels). 
Therefore, it is important that LP experts are involved in the item review and revision 
process. Scoring guides must be developed (and applied) that reflect the LP purpose. 
Rather than evaluating a student’s response based upon the number of correct 
components or upon the extent to which it approximates the correct answer, LP-based 
items should be scored to reflect the LP level that most closely resembles the student’s 
thinking. Since this procedure represents an important departure from typical scoring, 
scorers must be trained to avoid the assumption that responses naming a greater 
number of scientific concepts should be scored at a higher level. Additional time and 
training may be required for scorers to achieve acceptable levels of IRR. 
 Because LP frameworks represent hypotheses about the way student thinking 
develops over time, evaluation of LP-based items necessarily includes evaluation 
of the LP framework itself. Additional cognitive labs and student try-outs, in 
multiple cycles of revision and pilot/field testing, may be required for LP-based 
items prior to their inclusion in formal pilot/field testing. The typically short period 
of time allotted for this stage of the item development process may need to be 
lengthened in order to permit sufficient evaluation and testing of both the LP 
framework and its associated items. Once items are ready to be incorporated into 
pilot/field tests, careful consideration must be given to the distribution of items 
across test booklets. Since the pilot/field test stage may be the first opportunity to 
collect data from a representative sample, it is particularly important that individual 
students respond to a set of LP-based items; therefore these items cannot be 
distributed across multiple test booklets. The same is true if individual scores are to 
be reported in terms of the LP framework, since a set of items is needed to 
diagnose a student’s LP level. The number of items that a student should be 
required to answer (for different reporting situations) is a question that can be 
explored in collaboration with researchers. 
 Traditional measures of item quality may not be appropriate for LP-based 
items. For the reasons described above, these items may not perform well when 
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statistics such as frequency distribution and item discrimination are considered. 
In addition, statistics such as frequency distribution and item mean score must be 
evaluated in the context of a set of items (and the extent to which these items tell 
a consistent story about student performance) rather than in isolation. Therefore, 
these items must be evaluated according to rigorous standards in terms of their 
ability to capture the thinking described at each LP level. The LP framework 
itself must be validated in terms of its ability to describe levels of student 
thinking. Evidence of this thinking necessarily comes from both quantitative 
(i.e., item analysis) and qualitative (i.e., cognitive labs) data analyses. 
 Finally, assessment developers must consider the measurement model and 
analyses that will be used to report scores on LP-based items, particularly the way 
these items will interact with the main scale of a given assessment. Current IRT 
models may not be capable of fully capturing students’ performance on LP-based 
items; therefore, alternatives should be explored in collaboration with researchers. 
In addition, careful consideration must be paid to how LP-based items are 
incorporated into any overall reporting. 

CONCLUSIONS: LOOKING AHEAD 

The NRC report Systems for State Science Assessment (2006) recommends explicit 
inclusion of cognitive models in the design of large-scale assessments and 
interpretation of their results. LP frameworks offer a promising new vision for 
achieving this goal. In this chapter, we have explored the challenges and questions 
raised by the modest goal of incorporating LP-based items into existing large-scale 
assessment systems. We view work towards this goal—which requires close 
collaboration among science education researchers, psychometricians, and assessment 
developers—as a critical foundation for a new vision of science assessment. 
 Looking forward, we envision significant advances in the use of LP 
frameworks to inform large-scale assessment systems. Researchers are working 
to develop LP frameworks across a wider range of the K-12 science curriculum. 
In addition, there are ongoing conversations about standards (e.g., Common 
Core Standards Initiative9 and the NRC’s effort to develop a conceptual 
framework for new science education standards;10 see also Foster & Wiser, this 
volume). Both strands of work are likely to result in more targeted expectations 
for student learning, thus increasing the possibility that LPs cover the objectives 
of a particular science assessment. Work on psychometric techniques for 
modeling students’ responses to LP-based items is currently underway (see the 
Modeling Learning Progressions section of this book) and should lead to more 
LP-specific criteria for evaluating items. Finally, the incorporation of computer 
adaptive testing (CAT) into the “machinery” of existing large-scale assessment 
systems holds particular promise for the administration of LP-based items. CAT 
allows students’ responses to determine which items are presented later in the 
assessment. For example, linked sets of items could be developed in which a 
student’s thinking about a specific phenomenon is investigated in an initial item 
and then explored in subsequent items (which are tailored to the response the 
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student provided to the first item). Or a small set of items targeting the full 
range of LP levels could be followed by items that target a subset of LP levels 
indicated by a student’s performance on the initial set of items. CAT has the 
potential to address several challenges related to LP-based assessments. First, as 
mentioned above, it can be difficult to write items that elicit responses at a 
range of LP levels. A CAT assessment requires fewer such items in order to 
provide an estimate of students’ levels for determining the subsequent items to 
be administered. Second, this approach reduces the burden on a single item to 
clearly differentiate between levels. As mentioned above—and illustrated with 
the item in Figure 2—a particular item context may not allow for a clear 
distinction between responses at adjacent levels. However, such items may be 
used to provide an initial estimate of students’ levels. Finally, CAT may reduce 
the number of LP-based items administered to students. 
 Eventually, we envision some assessment systems in which all items are linked 
to a small number of LP frameworks and results are reported in terms of students’ 
knowledge/practices with respect to those frameworks. However, this is possible 
only when standards have been narrowed to focus on a smaller number of big 
ideas, when additional validated LP frameworks are available, when psychometric 
techniques have matured to the point that clear evaluation of LP-based items is 
possible, and when CAT systems are fully in place. 

NOTES 
1 These caveats are reflected in the discussion below and are described in the NAEP framework as: 1) 

“learning progressions are not developmentally inevitable”; 2) “there is no single ‘correct order’; 
there may be multiple pathways by which certain understandings can be reached”; 3) “actual 
learning is more like ecological succession with changes taking place simultaneously in multiple 
interconnected ways”; and 4) “the learning progressions suggested in the framework and 
specifications are partly hypothetical or inferential because long-term accounts of learning by 
individual students do not exist”(NAGB, 2008, p. 90). 

2 Trends in International Mathematics and Science Study (http://nces.ed.gov/timss/) 
3 For example, the 2009 NAEP science assessment includes computer-based items (NAGB, 2007, 

2008). Many US states have implemented or are exploring the use of computer delivery systems for 
administering accountability tests (Thurlow, Lazarus, Albus, & Hodgson, 2010). In addition, 
computer adaptive testing (CAT) capabilities are poised for inclusion in state accountability 
systems; the SMARTER Balanced Assessment Consortium (2010) will use CAT technology as part 
of a multistate effort to develop an assessment system based upon the new Common Core State 
Standards in mathematics and language arts. As discussed below, CAT represents a promising 
vehicle for administering LP-based items; however, the use of CAT is not currently a widespread 
practice in most large-scale assessments. 

4 Toulmin (1972) used the term “intellectual ecology,” drawing parallels with accounts of organic 
evolution. Influenced by Toulmin’s work, Posner et al. (1982) coined the term “conceptual 
ecology,” which is used here. 

5 Information about NAEP practices is based upon The Nation’s Report Card: An Overview of 
Procedures for the NAEP Assessment (2009) and the second author’s work on the NAEP assessment 
system. 

6 For example, in the 2009 NAEP science framework (NAGB, 2008), one can trace increasingly 
sophisticated expectations for students’ understanding of matter from grade four to grade eight to 
grade 12. In grade 4, students should understand properties of the different states of matter and that 
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heating and cooling change matter from one state to another. In grade 8, students should have 
developed a particulate model of matter and should be able to use this model to explain both 
properties of different states of matter and changes between states of matter. In grade 12, students 
should understand that the arrangement of and forces of attraction between atoms, ions, and 
molecules explain properties of the different states of matter. They should also understand that 
changes of state require a transfer of energy. 

7 Neither the LP framework nor the associated items should be used for research or other applications 
without significant revision as part of a comprehensive validation effort. 

8 See Briggs et al. (2006) for further discussion of the relationship between OMC and CR items. 
9 See www.corestandards.org; currently, there are Common Core State Standards in English language 

arts and mathematics. 
10 See http://www7.nationalacademies.org/bose/Standards_Framework_Homepage.html 
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ALICIA C. ALONZO 

ELICITING STUDENT RESPONSES RELATIVE TO A 
LEARNING PROGRESSION 

Assessment Challenges 

The assessing strand is critical to work on learning progressions. Obtaining 
evidence to support or revise a proposed learning progression requires assessments 
(methods to elicit student responses relative to the learning progression) in order to 
test hypotheses about student thinking and its evolution over time. In addition, 
many proposed applications of learning progressions involve assessments—either 
directly or indirectly. The most recent science framework for the National 
Assessment of Educational Progress (NAEP) calls for the inclusion of learning 
progressions in this influential national test (National Assessment Governing Board 
[NAGB], 2008). Learning progressions are promoted as offering support for 
teachers’ formative assessment practices (e.g., Alonzo, 2009, 2011; Furtak, 
Thompson, Braaten, & Windschitl, this volume); links between formative and 
summative assessment at multiple levels of the educational system (Black, Wilson, 
& Yao, 2011); and coherence among curriculum, instruction, and assessment 
(National Research Council [NRC], 2006). The use of learning progressions to 
develop curricula requires assessments to evaluate their effectiveness (e.g., 
Gotwals, Songer, & Bullard, this volume; Schwarz, Reiser, Acher, Kenyon, & 
Fortus, this volume; Wiser, Smith, & Doubler, this volume). The use of learning 
progressions to develop standards (e.g., Foster & Wiser, this volume; NRC, 2011) 
will eventually lead to the design of assessments that evaluate student achievement 
relative to those standards.1 Indeed, Corcoran, Mosher, and Rogat (2009) proposed 
that learning progressions are incomplete without associated assessment tools. 
While this chapter does not take Corcoran et al.’s position, it recognizes that their 
proposal points to the centrality of assessment to work on learning progressions. 
 Efforts to design learning progression assessments build on a rich foundation. 
As reflected in the chapters in this book, a 2001 NRC report made significant 
contributions to our understanding of the criteria for “knowing what students 
know.” This report “considered implications of advances in the cognitive and 
measurement sciences for both classroom and large-scale assessment” (p. 18). 
First, the report stated that assessment design should be based on models of student 
cognition. The report’s emphasis on the nature of expertise and its development in 
various domains is of particular relevance for work on learning progressions. 
Second, the report highlighted recent work on formal measurement models as “a 
particular form of reasoning from evidence” and called for “greater attention to the 
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interplay between the statistical and cognitive aspects of assessment than has been 
customary” (p. 110). A key example identified in the report—the Berkeley 
Evaluation and Assessment Research (BEAR) assessment system—has greatly 
influenced the work on learning progressions. As described by Wilson (2005), the 
BEAR assessment system (BAS) provides a comprehensive means of designing, 
evaluating, and using assessments organized around a construct map that reflects 
an underlying continuum. Mislevy’s work on evidence-centered-design (ECD; 
Mislevy, Steinberg, & Almond, 2003) provides another illustration of the NRC 
recommendations. ECD highlights the claims a test developer wishes to make 
about students and the evidence required to make those claims. ECD is also 
reflected in work on learning progressions and associated assessments (e.g., 
Gotwals & Songer, 2010; Stevens, Delgado, & Krajcik, 2010; West et al., this 
volume). 
 While we may draw important lessons from this foundational work, to date there 
has been little consideration of the assessment challenges specific to learning 
progressions. In its overview of these challenges, this chapter draws upon 
discussions at the Learning Progressions in Science (LeaPS) conference and upon 
other chapters in this book. The chapters in the assessing strand are most influential 
for this discussion. However, because the assessing strand is so tightly integrated 
with other strands of work on learning progressions, almost every chapter in this 
book mentions assessment. Therefore, this synthesis chapter also references 
chapters in other strands. 

THEME 1: ASSESSMENT IS CRITICALLY DEPENDENT ON THE OTHER THREE 
STRANDS OF LEARNING PROGRESSION WORK 

At the LeaPS conference, participants often qualified their responses to questions 
about assessment with the remark, “It depends.” Such qualification was necessary 
because the assessing strand relies heavily on other aspects of learning progression 
work. One cannot consider learning progression assessments in isolation. The NRC 
(2001) assessment triangle illustrates this point by representing connections among 
cognition, observation, and interpretation. As several chapters in this book 
(Gotwals et al., this volume; Jin & Anderson, this volume; West et al., this volume) 
highlight, the assessment triangle provides a model for work on learning 
progressions and associated assessments. The iterative process of defining/refining 
a learning progression, designing associated assessment tasks, and interpreting 
student responses to assessment tasks in terms of the learning progression has 
connections to both the assessment triangle and to the four strands of work on 
learning progressions—defining, assessing, modeling, and using. The relationship 
between the assessment triangle and the four strands of work on learning 
progressions (depicted in Figure 1) is explored next. 
 The cognition vertex of the assessment triangle corresponds to the learning 
progression and, thus, to the defining strand. Decisions made in this strand are 
critical to the design of learning progression assessments. Learning progressions 
reflect assumptions about learning and choices about how to conceptualize 



progress
or pract
(e.g., Go
assessme
defining
(e.g., the
Kurpius 
about a p
broad c
Anderso
about d
contexts
present 
carbon 
(i.e., dig
cellular 
characte
 Becau
levels (4
narrowe
distance
more lik
the lowe
when co
 

Figure 1.

ELICITING 

s. For example
tices (e.g., Sc
otwals et al., 
ents developed

g strand. A narr
e sinking and f
chapter, this v
particular phen

characteristics 
on, this volume
different pheno
s. To assess ac
students with 

generation 
gestion, biosy
respiration). 

erization of the 
use many learn
4–6),2 broader 
r learning pro
s between leve

kely than for na
est to the high
omparing the tw

. Relationship be
four str

STUDENT RESP

, decisions to h
hwarz et al., 
this volume) 

d. Decisions ab
row learning pr
floating learnin
volume) require
nomenon. In c
of student th

e; Jin & Ande
omena in ord

ccounts of carb
everyday phen
(i.e., photosy

ynthesis), and 
Accounts of 
range of think
ning progressi
learning prog

ogressions. Thu
els (in terms o
arrower learnin

hest level repre
wo examples n

etween the NRC 
rands of learning

PONSES RELATIV

highlight conte
this volume) 

have importan
bout breath and
rogression that
ng progression
es assessment 
ontrast, a learn
hinking (e.g.,
erson, this volu
der to charac
bon-transformi
nomena repres
ynthesis), or
organic carbo
only one pro

king in the learn
ions have appr
ressions usual
us, for broade
of increase in k
ng progression
esents a greate

noted above. Th

(2001) assessme
g progression wo

VE TO A LEARN

ent (e.g., Plum
or a combin

nt implications
d grain size are
t focuses on sp

n described in t
items that elic
ning progressio
, Gunckel, M
ume) requires 

cterize student
ing processes, 
senting three p
rganic carbon
on oxidation 
ocess will not
ning progressio
roximately the
lly have a larg
er learning pro
knowledge and
ns, and, overal
er accomplishm
he floating and

ent triangle (wh
ork (gray square

NING PROGRESS

mmer, this volu
nation of the 
s for the type
e also made in

pecific concepti
the Shavelson 
it student think
on that focuses

Mohan, Covitt,
assessment it

t thinking ac
Jin and Ander

processes: orga
n transforma
(i.e., combust
t result in a 
on. 
e same numbe
ger grain size t
ogressions, gre
d/or practices)
l, movement f
ment. This is 
d sinking learn

 

hite triangle) and
e). 

SION 

243 

ume) 
two  
s of 

n the 
ions 
and 

king 
s on 
, & 
tems 
ross 
rson 
anic 

ation  
tion, 
full 

er of 
than 
eater 
) are 
from 
true 

ning 

 

d the 



ALICIA C. ALONZO 

244 

progression (Shavelson et al., 2008) spans a single instructional unit, in which 
student progress from one level to the next is expected after a few investigations. In 
contrast, the environmental literacy learning progressions (e.g., Gunckel et al., this 
volume; Jin & Anderson, this volume) span many years of instruction (upper 
elementary through high school); each level represents progress that may take 
years to achieve. As discussed in more detail below, broader learning progressions 
introduce additional challenges in terms of writing assessment items that are 
accessible to students at multiple levels. 
 The observation vertex, which corresponds to the assessing strand, lies between 
the cognition and interpretation vertices. The latter vertex corresponds to the 
modeling strand because interpreting student responses to assessment items—for 
example, to diagnose a student’s learning progression level—often requires an 
appropriate measurement model. An important idea from both the LeaPS 
conference and the chapters in this book (e.g., Briggs, this volume; Gotwals et al., 
this volume; West et al., this volume) is that analysis of misfit is critical for 
informing revisions to learning progressions, assessment items, and measurement 
models. Misfit indicates a problem with the match between student thinking and 
the representation and interpretation of that thinking through the use of learning 
progressions and associated tools (assessment items and measurement models). 
Since an important goal of learning progression research is to capture student 
thinking and its development accurately, misfit analyses provide critical 
information for the iterative process of revising the learning progression, 
assessment items, and measurement model. 
 Misfit analyses require clear expectations for student performance and 
techniques to evaluate how well student performance matches expectations. Both 
the learning progression and the specific design of assessment tasks inform those 
expectations. (As discussed below, articulating expectations requires an 
understanding of what makes tasks more/less difficult for students.) While 
qualitative approaches are certainly essential for developing detailed 
understandings of student thinking, as learning progressions move beyond small-
scale research studies, quantitative analyses become increasingly important. To 
ensure that learning progressions and associated tools are generalizable to contexts 
beyond those in which they were developed, large-scale studies are required. 
Quantitative analyses allow researchers to summarize large amounts of data for 
which qualitative analyses are impractical. In addition, quantitative analyses are 
critical as learning progressions begin to impact state and national assessments—
through assessment frameworks (e.g., NAGB, 2008), new national standards 
(NRC, 2011), and state standards (Foster & Wiser, this volume). Quantitative 
analyses of misfit provide important evidence for evaluating the quality of items 
included in large-scale assessments. This evidence is particularly important for 
high-stakes assessments where the quality of items is of critical significance. 
 Finally, considerations of purpose (the using strand) underlie the assessment 
triangle. The use of assessment results is central to the concept of validity (e.g., 
Messick, 1989, 1995); thus it is impossible to evaluate the quality of a particular 
assessment without knowing how it will be used. It is clear that different uses may 
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require different types of assessments. For some uses (e.g., large-scale assessments, 
summative evaluations of curricula) we may be interested solely in determining the 
learning progression level for a student (or a group of students). When we report 
assessment results by learning progression level, those results should be as reliable 
and valid as possible. For other uses (e.g., informing teachers’ instructional 
decisions, evaluating a particular learning progression), we may need a much more 
detailed picture of student understanding. For these uses, assessment results should 
provide a more detailed accounting of student thinking about particular concepts 
and the patterns of their responses to particular assessment items. 
 The level of detail that can be reported depends on decisions about grain size 
made in the defining strand. These decisions are described differently in the 
defining synthesis (Mohan & Plummer, this volume) and in the modeling synthesis 
(Briggs, this volume). In the defining strand, grain size refers to the distance 
between the learning progression levels—the magnitude of the accomplishment 
required to progress from one level to the next. When assessments are used to 
diagnose student learning progression levels, we obtain much more detailed 
information for fine-grained learning progressions than for coarse-grained learning 
progressions. Diagnosing student levels using a fine-grained learning progression 
yields specific descriptions. For example, students at Level 2 of the sinking and 
floating learning progression “apply either mass or volume to [explain] sinking and 
floating” (Shavelson et al., 2008, p. 29). In contrast, diagnosing student levels using 
a coarse-grained learning progression yields much broader descriptions. For 
example, the NRC-commissioned learning progression on matter and atomic-
molecular theory (Smith, Wiser, Anderson, & Krajcik, 2006) characterizes student 
reasoning within one of three grade bands (K–2, 3–5, or 6–8). A “big idea” for 
middle school students in the matter learning progression is that “[t]he properties of 
materials are determined by the nature, arrangement and motion of the molecules 
they are made of” (p. 14). Because this statement may apply to many properties of 
materials, the matter learning progression provides less specific information about 
student understanding of density than the sinking and floating learning progression 
does. However, as explored by Mohan and Plummer (chapter 7), if levels of fine-
grained learning progressions cannot be reliably differentiated by assessments, a 
coarser-grained learning progression may be necessary. 
 As noted above, assessments are often designed to provide more information 
than simply student location on the learning progression. Whether more detailed 
information can be provided depends upon grain size as defined in the modeling 
synthesis (Briggs, this volume), where the focus is on the detail of the learning 
progression levels—how small the knowledge and practices are that comprise the 
levels. Here, too, decisions made in the defining strand are critical. For example, 
consider the Smith et al. (2006) learning progression. Although each level spans 
three years of schooling, these authors give a detailed accounting of how students 
at each level are expected to reason about different contexts (through learning 
performances). It is this detailed accounting that permits the authors to propose 
items that elicit student understanding of specific contexts at each level. Teachers 
and learning progression researchers can analyze responses to these items 
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qualitatively in order to make instructional decisions and revise the learning 
progression. With an appropriate measurement model, such items can also provide 
more detailed information about student knowledge and practices in large-scale 
assessments. However, the assessment context may place constraints upon the  
type and number of items administered and, therefore, the level of detail that can 
be reliably obtained. 
 Thus it is not possible to define a learning progression (and perhaps associated 
curriculum) and only later think about assessment. Learning progression work, 
from its very beginning, requires substantive collaboration among those with 
varied expertise—cognitive scientists, scientists, science educators, and assessment 
and measurement experts. 

THEME 2: LEARNING PROGRESSION ASSESSMENTS SHARE IMPORTANT 
FEATURES 

Learning progression researchers work in many different contexts and have many 
different goals. Therefore, because of the integral relationships among a particular 
learning progression (as a model of student cognition), its proposed use, and its 
associated assessments, it is reasonable to expect variation in learning progression 
assessments. Yet, as revealed by comments at the LeaPS conference and by 
chapters in this book, there is some consensus about “ideal assessment systems” for 
learning progressions. Some features of these systems are not unique to the 
learning progression context, although they have particular relevance for learning 
progression assessments. Other features, however, are specific to the learning 
progression context. 

General Assessment Features 

Learning progressions have been promoted as a response to two calls for reform in 
science education. Learning progression assessments may play an important role in 
heeding these calls. The first call is for greater focus on a smaller number of core 
ideas. This call is a response to current curricula that have been described as “a 
mile wide and an inch deep” (Schmidt, McKnight, & Raizen, 1997, p. 122). The 
2007 NRC report Taking Science to School recognized learning progressions as 
tools that can guide curriculum development and suggest “priorities in the 
curriculum” so that students learn “age-appropriate versions of core ideas with 
understanding” (p. 247). Assessments—particularly those with high-stakes—exert 
critical influence on the K-12 curriculum. Thus, as part of the large-scale 
assessment landscape, learning progression assessments that focus on core ideas 
may lead to more focused curricula. The second call is for greater coherence 
among parts of the educational system. This means that (a) curriculum, instruction, 
and assessment (e.g., NRC, 2001; Webb, 1997) and (b) classroom formative and 
summative assessments and large-scale accountability tests (e.g., NRC, 2001; 
Wilson, 2004) together support student learning. The 2006 NRC report Systems for 
State Science Assessment and Black et al’s (2011) recent article advocate learning 
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progressions as a way to achieve this coherence. Thus learning progression 
assessments may lead to a narrower focus (on core ideas) and increased coherence 
(across levels of the educational system). 
 General assessment guidelines recommend using different types of assessment 
items (e.g., Educational Testing Service, 2009; NRC, 2001). This recommendation 
may be particularly important for learning progression assessments, which (as 
discussed below) have a significantly more complex task (the characterization of 
student thinking) than do traditional assessments (the evaluation of the correctness 
of student responses). Although cognitive interviews are not practical in large-scale 
settings, they may be crucial for developing written assessments and for refining 
learning progressions that capture student thinking as accurately as possible. 
Several projects described in this book (Gotwals et al., this volume; Jin & 
Anderson, this volume; Schwarz et al., this volume; Wiser et al., this volume) use 
cognitive interviews for these purposes. In addition, different item types have been 
proposed for learning progression assessments. Scoring of these item types permits 
a fuller characterization of student thinking than a simple evaluation of correctness 
does. While constructed-response and multiple-choice items are commonly used in 
all types of assessments, more novel items—such as scaffolded items (e.g., 
Gotwals et al., this volume), ordered-multiple choice items (Briggs & Alonzo, this 
volume; Briggs, Alonzo, Schwab, & Wilson, 2006), multiple true-false items (e.g., 
Alonzo, Neidorf, & Anderson, this volume), and choose-explain items (e.g., Jin & 
Anderson, this volume)—may be particularly important in learning progression 
assessments. Examination of responses across item types may deepen our 
understanding of student thinking and of the affordances and constraints of non-
traditional item types in eliciting and evaluating student thinking relative to 
learning progressions (e.g., Briggs et al., 2006; Alonzo & Steedle, 2009). 

Learning-Progression-Specific Assessment Features 

As Alonzo et al. (chapter 10) discuss, learning progression assessments have a 
fundamentally different purpose than more traditional assessments. Learning 
progression assessments are more diagnostically-oriented. Even in large-scale or 
summative contexts, in which the results may be reported as estimates of the 
learning progression level for a student (or for a group of students), the 
information is more diagnostic because the levels of the learning progression 
provide descriptions of student thinking. In this way, learning progression 
assessments reflect a learning progression stance, in which student learning is 
assessed more deeply than on the basis of whether they “get” a particular idea or 
can perform a particular practice. Rather, the learning progression stance 
assumes that student knowledge and practices in the “messy middle” (Gotwals & 
Songer, 2010, p. 277) and their “wrong” answers are essential for characterizing 
student thinking. The implication of this stance is that learning progression 
assessments must elicit knowledge and practices at various levels and must be 
sensitive to student progress towards a goal (rather than just assessing 
achievement of that goal). 
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 As discussed by Jin and Anderson (chapter 8) and Gotwals et al. (chapter 9), the 
learning progression stance presents a significant challenge in the design of 
assessments. In particular, learning progression assessments must provide 
opportunities for students with different levels of knowledge and practice to 
demonstrate what they know and can do. Jin and Anderson explored a variety of 
assessment approaches and their ability to elicit accounts of phenomena from 
students at different levels of their learning progression. Gotwals et al. used 
carefully structured scaffolding to elicit students’ scientific explanations with and 
without support. For both projects, the fundamental question is whether the 
assessments reveal student thinking accurately at different learning progression 
levels. More sophisticated students may not exhibit higher levels of understanding 
if the questions do not prompt a sophisticated response. For example, students at 
higher levels of Jin and Anderson’s learning progression did not always recognize 
that questions about everyday events required accounts at the atomic-molecular 
scale. Students in the Gotwals et al. study may have thought it unnecessary to offer 
the details researchers require for evaluating their ability to construct scientific 
explanations. Scientific language may be required to cue older students to provide 
responses with the needed detail; however, this language may be confusing to 
younger students. In addition, the limited language skills of younger students may 
prevent them from expressing their understandings in writing. 
 As Alonzo et al. (chapter 10) briefly mentioned, and participants at the LeaPS 
conference discussed more extensively, computer-adaptive testing (CAT)3 may be 
a promising approach to learning progression assessment. CAT could use students’ 
responses to earlier items to estimate their learning progression levels and, thus, to 
present later items targeted at those levels. The later items could be used to obtain 
more refined estimates of student knowledge and practices. Because the later items 
mimic a teacher’s ability to use follow-up questioning on the basis of initial 
responses by students, CAT may provide some approximation of the flexibility of 
classroom assessments in large-scale testing environments. 
 In addition to capturing student thinking at different levels, learning progression 
assessments should reflect the dynamic nature of student thinking. Although much 
learning progression work has been conducted using cross-sectional research, 
longitudinal studies are needed to determine if students progress through learning 
progressions in the ways hypothesized. Therefore, learning progression 
assessments should capture the change in individual students’ thinking over time. 
This requirement relates to the grain size of the learning progression and the time 
period over which progress is monitored. For example, if a learning progression 
has broad levels, with significant shifts in understanding expected over years of 
instruction, assessments linked to the learning progression may not detect changes 
in student knowledge and practices during a single instructional unit. As discussed 
in the modeling strand (e.g., Briggs, this volume), the grain size issue also relates 
to the way learning progressions are conceptualized and modeled. Do we lose 
information about student progress by conceptualizing learning progressions in 
terms of discrete levels instead of as continuous pathways? If we focus only on big 
shifts in student knowledge and practices, do we miss the progress needed within a 
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given level? Assessments that detect changes as student progress within a given 
level may provide the necessary information for making classroom-level decisions 
(for both curriculum development and teachers’ formative assessment practices). 
For example, Schwarz et al. (chapter 6) discovered that scoring rubrics based upon 
the broadly-defined levels of their original learning progression did not capture 
important changes in student modeling practices. Therefore, they defined more 
detailed features of student modeling practices in order to capture these features in 
their assessments. Thus the requirement that learning progression assessments 
should capture change over time may lead to revisions in how learning 
progressions are defined and represented in measurement models. 

THEME 3: THERE ARE A NUMBER OF IMPORTANT CHALLENGES IN LEARNING 
PROGRESSION ASSESSMENTS 

Because learning progression assessments are integrally related to how the 
associated learning progressions are defined, the assessing strand is impacted by 
questions and issues from the defining strand, as discussed in this section. 

Unresolved Questions about the Nature of Student Thinking 

Much of the work on learning progressions in science makes a strong assumption 
linked to ongoing debates about the nature of student thinking. Diagnosing student 
learning progression levels using responses to assessment items requires  
that students reason consistently at a particular level.4 This requirement is 
consistent with the claim that children’s thinking is internally consistent and 
theory-like (e.g., Ionnides & Vosniadou, 2001; Vosniadou & Brewer, 1992). 
However, others claim that a knowledge-in-pieces model more accurately 
describes student thinking (e.g., diSessa, 1993; diSessa, Gillespie, & Esterly, 
2004). If this second claim is true, we would not expect students to reason 
consistently across problem contexts. Indeed, student thinking in the messy middle 
may be rather fragmented and context-dependent, and therefore difficult to 
describe. Shavelson and Kurpius (chapter 2) caution that there is a danger in 
forcing students to fit a learning progression model. If student thinking is 
fragmented and context-dependent, attempts to characterize it using an ordered set 
of coherent models may result in mischaracterization. If we expect students to 
respond consistently to a set of learning progression assessment items, we may 
interpret inconsistencies in their responses as problems with the items, rather than 
as reflections of their thinking. It may be true that “misfit is our friend” since 
important lessons can be learned from student responses that do not make sense 
according to the learning progression model. However, eventually we may need to 
confront the question of whether it is possible to characterize student thinking 
using neatly ordered levels. 
 The nature of student thinking affects the number of assessment items needed to 
diagnose students (individually or in groups) with respect to learning progression 
levels. Researchers and assessment developers may seek rule-of-thumb guidelines 
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for the number of items required for these diagnoses. However, guidelines that 
apply to traditional items may not work for learning progression items. It may be 
more difficult to obtain reliable measurements for learning progressions that apply 
to broad content areas because student thinking simply may be inconsistent across 
all phenomena included in the learning progression. This difficulty has important 
implications for broad learning progressions, such as those proposed by the new 
guidelines for national science education standards (NRC, 2011) and those that are 
expected to inform large-scale assessments such as NAEP. As discussed in Alonzo 
et al. (chapter 10)—at least so long as standards and standards-based assessments 
include many science topics—reliable learning progression assessments will likely 
require more items than are typically allotted to single content area. 

Dependency of Learning Progressions on Students’ Curricular Experiences and 
Related Knowledge/Practices 

For traditional assessments, it may be possible to answer questions about item 
difficulty empirically. As long as an assessment covers the relevant framework and 
contains an adequate mix of easy and difficult items, it may not matter why one 
item is more or less difficult than another. While assessment developers may 
articulate item design models that include hypotheses about item difficulty (e.g., 
Embretson & Gorin, 2001), assessments may still include items that do not perform 
as expected (for example, so long as the items provide important content 
coverage). With learning progression assessments—in which the goal is to 
characterize student thinking—it may be essential to know what makes an item 
more or less difficult. Measurement models require a clear sense, as far as possible, 
of which items are more and less difficult for students—and why. Thus 
understanding item features and the way students’ experiences, knowledge, and 
practices interact with item content is especially important. 
 One factor influencing item difficulty may be students’ familiarity with 
particular item formats and contexts. This is largely a matter of transfer and, thus, 
relates to the issue discussed above—whether assumptions about the nature of 
student thinking lead to expectations that they can apply knowledge and practices 
to new contexts. (If student thinking is internally consistent, students should exhibit 
the same level of knowledge and practices in both familiar and unfamiliar 
contexts.) Students’ curricular experiences may also influence their familiarity with 
item formats and contexts. While curriculum-dependence may be acceptable (and 
even desirable) for work within a particular curriculum (e.g., Gotwals et al., this 
volume), issues of fairness may arise when items are used in large-scale 
assessments or in comparisons of different curricular approaches. 
 A second factor influencing item difficulty may be the relationship between the 
knowledge and practices in a particular learning progression and other related 
knowledge and practices. To address this factor, Schwarz et al. (chapter 6) and 
Gotwals et al. (chapter 9) take different approaches to the assessment of scientific 
practices. Schwarz et al. assessed a practice (scientific modeling) that they 
hypothesize is transferrable to different science topics. Gotwals et al. intentionally 
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assessed a cross between knowledge and practices. The authors of both chapters 
acknowledge the constraints that student knowledge of content may place on  
the assessment of their practices. They acknowledge that student scientific 
practices may be over- (or under-) estimated due to student familiarity  
(or unfamiliarity) with relevant science content. As Plummer (chapter 5) and 
Wilson (chapter 12) discuss, even learning progressions that seemingly have a 
straightforward focus on content rarely exist in isolation. Learning progressions 
often make assumptions about student mastery of related knowledge and practices, 
but these assumptions—if incorrect—can have important consequences for 
assessment (as well as for instruction) based upon learning progressions. If 
learning progression items require knowledge and/or practices not included in a 
certain learning progression, construct-irrelevant variance may be introduced, 
leading to uncertainty in the estimate of student learning progression levels. 

Role of Language 

As noted by Alonzo et al. (chapter 10), traditional assessments often reward 
students for their use of scientific language. In contrast, learning progression 
assessments look beyond student use of scientific language in order to uncover the 
underlying reasoning in their responses. To address student use of scientific 
language, Jin and Anderson (chapter 8) used results from an initial round of student 
assessments to redefine their learning progression in order to decouple student 
understanding from student use of scientific language. They also considered how 
scientific language in prompts impacts the elicitation of student understanding. 
When items do not signal to older students that details are expected in their 
responses, they tend to give lower level accounts for scientific phenomena. With 
younger students, scientific language may be intimidating or confusing. Jin and 
Anderson addressed these problems by presenting different items to older and 
younger students. However, in some cases, language may be so integral to the 
content of a particular learning progression that its use is unavoidable. In these 
cases, researchers and assessment developers must grapple with the reality that 
student understanding of language may develop in tandem with the content of a 
learning progression (e.g., Alonzo, 2010; Alonzo & Steedle, 2009). 

CONCLUSIONS 

Challenges in the assessing strand have important implications for all aspects of 
work on learning progressions, particularly the defining strand. The purpose of 
assessment is to elicit student thinking so that it can be examined and 
interpreted in terms of a cognitive model (in this case, a learning progression). 
This interpretation often involves use of a measurement model. Assessment 
results may provide evidence that is useful for addressing fundamental questions 
about learning progressions and, thus, about student thinking. The nature of 
student thinking and its relationship to familiarity with content, practices, and 
language are fundamental in the design of learning progressions. In addition, 
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assessments may inform decisions about the grain size of learning progressions. 
Exploring and resolving these issues requires well-crafted assessments and a 
dynamic interplay between efforts to define and to assess learning progressions. 
 In order to provide the information needed to revise and validate learning 
progressions and to assess student knowledge and practices relative to these learning 
progressions, new assessment technologies may be required. In addition to meeting 
traditional quality criteria (validity, reliability, and fairness), learning progression 
assessments must meet additional criteria that may challenge assessment developers. 
Learning progression assessments seek to elicit performances from students at a 
range of levels and to characterize student knowledge and practices in the messy 
middle between naïve and sophisticated scientific performances. To meet these 
challenges, researchers and assessment developers should develop and evaluate new 
assessment items and new assessment platforms (such as CAT). This work should 
be undertaken in collaboration with psychometricians whose measurement models 
can be used to interpret student responses to assessments. 
 The NRC (2001) recommended using cognitive and measurement science to 
inform assessment. Learning progression assessments satisfy this recommendation. 
In addition, these assessments require new understandings of student thinking and 
methods for capturing that thinking using assessments and associated measurement 
models. As such, learning progression assessments may advance cognitive and 
measurement science beyond that envisioned by the NRC, leading to contributions 
that benefit the larger field of student assessment. 

NOTES 
1 Although not yet affecting science, development of Common Core State Standards (CCSS) “began with 

research-based learning progressions” (Common Core State Standards Initiative, 2010, p. 4). This 
connection to learning progressions has had a significant effect on the assessment designs considered 
by the two consortia that are creating assessments of the CCSS—Partnership for Assessment of 
Readiness for College and Careers (PARCC) and SMARTER Balanced Assessment Consortium 
(SBAC)—and on work by the National Center and State Collaborative (NCSC) to develop assessments 
for students with significant cognitive disabilities (D. Briggs, personal communication, July 20, 2011). 

2 Lehrer and Schauble (e.g., 2010), however, define learning progressions with many more levels. 
3 For a brief description of CAT, see Wainer (2010). For a more detailed description, see Wainer (2000). 
4 The work on learning trajectories in mathematics reflect different assumptions that may be 

important for learning progressions in science: 
For the most part they [levels of a learning trajectory] are thought to develop gradually out of 
the preceding level(s) rather than being sudden reconfigurations, and that means that students 
often can be considered to be partially at one level while showing some of the characteristics 
of the next… HI [Hierarchical Instructionalism] does not suggest that ways of thinking or 
operating characteristics [sic] of earlier levels are abandoned—rather students may revert to 
them if conditions are stressful or particularly complex, or perhaps as they “regroup” before 
they move to an even higher level. (Daro, Mosher, & Corcoran, 2011, p. 24) 
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A central challenge in using learning progressions (LPs) in practice is modeling the 
relationships that link student performance on assessment tasks to students’ levels on 
the LP. On the one hand, there is a progression of theoretically defined levels, each 
defined by a configuration of knowledge, skills, and/or abilities (KSAs). On the other 
hand, there are observed performances on assessment tasks, associated with levels but 
only imperfectly and subject to inconsistencies. What is needed is a methodology that 
can be used to map assessment performance onto the levels, to combine information 
across multiple tasks measuring similar and related KSAs, to support inferences about 
students, and to study how well actual data exhibit the relationships posited by the LP. 
In terms of the “assessment triangle” proposed by the National Research Council’s 
Committee on the Foundations of Assessment (National Research Council [NRC], 
2001), coherent theoretical and empirical connections are needed among the theory 
embodied in a progression (cognition), the tasks that provide observable evidence 
about a student’s understanding relative to that progression (observation), and the 
analytic models that characterize the relationship between them (interpretation). 
 This chapter discusses the use of Bayesian inference networks, or Bayes nets for 
short, to model LPs. Bayes nets are a class of statistical models that have been 
adapted for use in educational measurement. At present, the use of Bayes nets in 
LP contexts is in its relative infancy. We describe the fundamentals of the approach 
and the challenges we faced applying it in an application involving a LP in 
beginning computer network engineering. 
 The first section of the chapter reviews our framework of model-based reasoning. 
Subsequent sections map the development of LPs and associated assessments onto this 
framework and show how Bayes nets are used to manage the problems of evidence 
and uncertainty in the relationship between LPs and assessment task performances. 
We then explain in more detail what Bayes nets are, how they can be used to model 
task performance in the context of LPs, and the challenges that we face in this work. 

MODEL-BASED REASONING 

The lens of model-based reasoning helps clarify the role Bayes nets can play in 
modeling LPs. A model is a simplified representation focused on certain aspects of 



PATTI WEST ET AL. 

258 

a system (Ingham & Gilbert, 1991). The entities, relationships, and processes of a 
model provide a framework for reasoning about any number of real world 
situations, in each instance abstracting salient aspects of those situations and going 
beyond them in terms of mechanisms, causal relationships, and/or implications that 
are not apparent on the surface. 
 The lower left plane of Figure 1 shows phenomena in a particular real world 
situation. In the case of LP research, the situation is students’ task performances. A 
mapping is established between this situation and, in the center of Figure 1, the 
semantic plane of the model; that is, structures expressed in terms of the entities, 
relationships, and properties of the model. The lines connecting the entities in the 
model represent causes, influences, mechanisms, and other relationships. The 
analyst reasons in these terms. In modeling LPs, this layer concerns progressions 
and their levels, relationships among different progressions, and expected 
performance on assessment tasks based on the features of tasks (what students are 
asked to do) and the features of their performances (what they actually do). 
 The real world situation is depicted in Figure 1 as fuzzy, whereas the model is 
well-defined. This suggests that the correspondence between real world entities and 
the idealizations in the model is never exact. The reconceived situation in the lower 
right plane of Figure 1 is a blend of selected aspects of the real world situation and 
elements of the model (shown in dotted form). The match between the real world and 
the data is not perfect, but a framework of meaning that the situation does not possess 
in and of itself can enhance our understanding of it (Suarez, 2004; Swoyer, 1991). It 
is here that descriptions, explanations, and implications for real world phenomena are 
formed. In the case of LPs, it is here that patterns of students’ performance are 
interpreted in terms of their status or development with respect to the LP levels. 
 Symbol systems that are associated with some models further support reasoning, 
such as the algebraic and graphical representations of regression models shown above 
the semantic plane in Figure 1 as Representational Forms A and B. Similarly, Bayes 
nets provide mathematical and graphical representations to support reasoning about 
LPs, students’ status on them, and evaluations of their performances across tasks. 

DEVELOPMENT, ASSESSMENT, AND MODELING OF LEARNING PROGRESSIONS 

When we speak of modeling a LP, we refer to a coherent set of elements: a 
progression defined in terms of the psychology and the substance of the domain 
under consideration, a specification of how real-world situations can be set up to 
evoke evidence about a student’s status on the LP, and a measurement model (in 
our case, a Bayes net) that articulates the probabilistic relationship between student 
performances and status on the LP. These are the vertices of an “assessment 
triangle” (NRC, 2001): cognition, observation, and interpretation. Cognition refers 
to a theory about what students know and how they know it (the learning 
progression). Observation relates to the tasks we ask students to perform to gather 
evidence about what they know. Interpretation is the meaning we assign to these 
observations. Specifying and validating a probability model—Bayes nets in this 
case—helps analysts develop coherence among these elements in order to reason 
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the operational definitions of what KSAs would look like at each stage, and (5) 
assessments that measure performances with respect to each key KSA over time. 
Although students may progress along different pathways, common paths can be 
tested and legitimated. It should also be noted that student learning and thinking 
progress in the context of instruction and experiences. This progression must be 
considered in creating, assessing, modeling, and interpreting LPs. 
 The following discussion describes the development of LPs in a specific content 
area: beginning computer networking. The context is the Cisco Networking 
Academy (CNA), a global program in which information technology is taught 
through a blended program of face-to-face classroom instruction, an online 
curriculum, and online assessments. These courses are offered in high schools, 2- 
and 3-year community college and technical schools, and 4-year colleges and 
universities. Since its inception in 1997, CNA has grown to reach a diverse 
population of approximately 900,000 students annually, in more than 160 countries 
(Levy & Murnane, 2004; Murnane, Sharkey, & Levy, 2004). Behrens, Collison, 
and DeMark (2005) discuss the framework that drives the ongoing assessment 
activity that, in turn, provides the data for this work. 
 In 2007, CNA updated and redesigned the curriculum for its primary network 
course offerings. A group of subject matter experts, working with 
psychometricians and educational psychologists, sketched out provisional LPs 
based upon several lines of work integral to the design of the curriculum (for 
details, see West et al., 2010). First, they conducted statistical analyses of student 
exams from the previous four-course curriculum. Classical and item response 
theory (IRT) analyses of end-of-chapter and final exam data revealed patterns in 
the difficulty of certain assessment tasks based upon their placement in the 
curriculum. For example, the same item used to assess IP addressing had different 
difficulty depending on whether the item was used before or after students learned 
basic routing concepts. Second, these patterns were considered in combination with 
the results of cognitive task analysis research into novice and expert performance 
in the domain (Behrens, Frezzo, Mislevy, Kroopnick, & Wise, 2007; DeMark & 
Behrens, 2004). Finally, external research highlighting the real-world KSAs 
necessary for various job levels was used to validate the subject matter expert 
opinion and statistical analyses. Thus the initial LP framework was developed 
through the interaction of various experts using both theory and data. 
 To make this discussion more concrete, Table 1 presents an example of a LP 
in Internet Protocol (IP) Addressing, a key area taught in the four-semester Cisco 
Certified Network Associate (CCNA) course sequence. IP addressing is the 
mechanism by which all pieces of equipment in a network (PCs, routers, etc.) are 
given unique “addresses” so information sent to them knows where to go and 
information sent from them is properly labeled for return if necessary. An 
analogy is the street address of a house. A five-level progression is defined based 
on clusters of interrelated, assessable elements that describe a student’s 
capabilities at each level. The levels reflect increasingly sophisticated 
understandings of IP Addressing. Table 1 presents an abridged version of the 
KSAs at each level. 
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Table 1. Sample of Knowledge, Skills, and Abilities in the IP_Addressing Progression. 

Level 1 – Novice – Knows Pre-requisite Concepts: Can recall factual information and 
perform highly scripted activities 

• Student can navigate the operating system to get to the appropriate screen to 
configure the address. 

• Student can use a web browser to check whether or not a network is 
working. 

Level 2 – Basic – Knows Fundamental Concepts: Able to understand reasoning behind 
actions, but can’t apply in unknown situations 

• Student understands that an IP address corresponds to a source or destination 
host on the network. 

• Student understands that an IP address has two parts, one indicating the 
individual unique host and one indicating the network that the host resides 
on. 

• Student understands the default gateway is the address that data is sent to if 
the data is leaving the local network and why it must be specified. 

• Student understands how the subnet mask indicates the network and host 
portions of the address. 

• Student can create subnet masks based on octet boundaries. 
Level 3 – Intermediate – Knows More Advanced Concepts: Able to apply concepts to 
actions  

• Student understands the difference between physical and logical 
connectivity. 

• Student can explain the process of encapsulation.  
• Student understands how Dynamic Host Control Protocol (DHCP) 

dynamically assigns IP addresses.  
Level 4 –Advanced – Applies Knowledge and Skills: Able to apply concepts in context 
in an unscripted manner 

• Student can use the subnet mask to determine what other devices are on the 
same local network as the configured host. 

• Student can use a network diagram to find the local network where the 
configured host is located. 

• Student can recognize the symptoms that occur when the IP address or 
subnet mask is incorrect. 

Level 5 – Expert – Applies Advanced Knowledge and Skills: Able to apply concepts in 
new contexts in an unscripted manner and predict consequences of actions 

• Student can recognize a non-functional configuration by just looking at the 
configuration information; no testing of functionality is required. 

• Student can interpret a network diagram to determine an appropriate IP 
address/subnet mask/default gateway for a host device. 

• Student can interpret a network diagram in order to determine the best router 
to use as a default gateway when more than one router is on the local 
network. 



PATTI WEST ET AL. 

262 

Task Design (Observation) 

The CNA assessment development process follows an Evidence Centered 
Design (ECD; Mislevy, Steinberg, & Almond, 2003) approach. ECD guides the 
assessment design process by addressing a series of questions: “What claims or 
inferences do we want to make about students?” “What evidence is necessary to 
support such inferences?” “What features of observable behavior facilitate the 
collection of that evidence?” At each level of the LP, a subject matter expert 
created multiple claims based on the set of related KSAs that define  
the level. In order to assess student performance with respect to these claims, 
the curriculum contains end-of-chapter tests and end-of-course final exams 
consisting of multiple-choice questions. Each chapter or course typically 
addresses multiple LPs. Our current focus is the case in which each item in an 
assessment is designed to measure one LP level. Work on modeling more 
complex assessment tasks that address multiple LPs is discussed later in the 
chapter. 
 In this example, IP_Addressing is called a student model variable (SMV) 
because it represents an aspect of a student’s proficiency. SMVs, like 
IP_Addressing, are latent variables, which means their values cannot be 
observed directly. However, students’ task performances provide evidence 
about them. Two items that provide evidence about a student’s level on 
IP_Addressing are shown in Figure 2. They both concern knowledge of the 
syntax of a router command. These two seemingly similar items provide 
evidence to distinguish between different levels of a LP due to a small but 
conceptually important difference in task features: Changing the stem from /24 
to /28 requires students to have a more advanced IP Addressing skill, namely 
the skill to subdivide one of the octets. Item A distinguishes between Level 1 
and Level 2 (students can create subnet masks based on octet boundaries), while 
Item B distinguishes between Level 3 and Level 4 (students can use the subnet 
mask to determine what other devices are on the same local network as the 
configured host). 

Modeling Responses (Interpretation) 

We can represent the different patterns of evidence provided by the sample 
items in Figure 2 with a Bayes net. First, a student’s level on the IP_Addressing 
LP can be represented with a variable called IP_Addressing. The variable has 
five possible values, one for each level of the LP. For each level, there is a 
probability that a student is at that level. Figure 3 represents ignorance about a 
student’s level, expressed as probabilities of .2 at each level. (The Netica 
program, Norsys Software Corp., 2007, shows these probabilities as 
percentages, hence 20 rather than .20.) This is called a prior probability 
distribution, reflecting the belief about a student before observing any of  
the student’s responses. We will see how observation of student responses 
allows us to update our beliefs and express them in a posterior probability 
distribution. 
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 Table 2a specifies the relationship between IP_Addressing and Item A. Each row 
in the table is the conditional probability distribution for the values of the Item A OV, 
given the value of IP_Addressing. The row for Level 1, for example, says that a 
student at Level 1 has a probability of .8 of answering incorrectly and only .2 of 
answering correctly. (We discuss the source of these probabilities later in the 
chapter.) A student at Level 2 has a probability of .7 of answering correctly. Table 2 
reflects the LP structure since students at Level 1 will probably get Item A wrong, 
but students at or above Level 2 will probably get Item A right. These expectations 
are probabilities rather than certainties because a student at Level 4 might miss Item 
A owing to carelessness, an arithmetic error, or a gap in knowledge. Although the 
capabilities at a given level are interrelated for both concepts and curriculum, 
students may be stronger on some elements at one level than on others. Table 2b, 
which gives conditional probabilities for Item B, shows a jump in conditional 
probabilities between Level 3 and Level 4. 

Table 2. Conditional Probabilities for Item Responses Given the Level of IP_Addressing. 

a) Item A     b) Item B 

IP_Addressing 

Item A 

Score 0 Score 1 

Level 1 80 20 
Level 2 30 70 
Level 3 20 80 
Level 4 10 90 

 Level 5 10 90 
 

IP_Addressing 

Item B 

Score 0 Score 1 

Level 1 90 10 
Level 2 80 20 
Level 3 70 30 
Level 4 20 80 

 Level 5 10 90 

 

 To summarize this section, theoretically defined levels of the learning 
progression provide information about what students know and how they know it. 
This is the cognition vertex in the assessment triangle. The theory and research 
underlying the LPs suggest how we might design tasks to elicit student 
performances that depend on their status in the progressions. This is the 
observation vertex. The interpretation vertex of the triangle addresses analytic 
models that connect assessment performances with the cognitive structure of the 
LP; these models are used to validate and improve the LP and task framework and 
to reason about individual students in that framework. The following sections 
explore this vertex using Bayes nets. 

MODELING LPS USING BAYES NETS 

Even the simplest LP structure poses issues of evidence and uncertainty since a 
student at a given level of a progression may provide responses that vary across 
levels from one task to the next. What degree of regularity should we expect in 
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performance? How do we infer back from students’ performances to the levels at 
which they likely work? How much evidence about a level does one task, or 
several tasks at different levels, provide us? Does a particular task operate 
differently than others when our theory says they should operate similarly? 
Additional complexities arise when we consider multifaceted clusters of concepts. 
Are there multiple typical paths students take that extend beyond the usual 
variability in performance? Are there identifiable strands of concepts that display 
their own regularities within a larger, less tightly structured progression? What 
hard prerequisites, or soft tendencies, seem to influence students’ paths? How do 
we discover these patterns in noisy data? 
 Measurement models posit a relationship between (a) a student’s status on 
inherently unobservable SMVs that characterize some aspects of their 
capabilities and (b) OVs that provide evidence about these SMVs. Specifying a 
measurement model becomes a matter of specifying these relationships and, in so 
doing, specifying how assessment data should be interpreted to yield inferences 
about students. In addition to Bayes nets, other modern measurement models 
with this same essential structure include latent class models (Dayton & 
Macready, 2007), cognitive diagnosis models (Rupp & Templin, 2008), and 
structured IRT models such as the Multidimensional Random Coefficients 
Multinomial Logit Model (MRCMLM; Adams, Wilson, & Wang, 1997). In the 
context of LPs, the SMVs correspond to LPs since students are presumed to be at 
a given but unobservable level on each LP. We obtain evidence about their level 
from performance on tasks built, based on the theory underlying the LP, for this 
purpose. 
 More specifically, modern measurement models facilitate inferences about 
students using two key features. The first is latent variables. These variables 
recognize that what we would ultimately like to know about students (i.e., their 
levels on the LP) is unobservable, and must be inferred from what we can observe, 
namely, performance on tasks. The relationship between a student’s level on the 
LP—the latent SMV—and performance on the tasks—captured in OVs—is at the 
heart of the inference. By specifying which values of the OVs (i.e., the 
performances on tasks) are expected based on the value of the SMV (i.e., the level 
of the LP), the measurement model allows us to make inferences about the SMV 
from observed values of the OVs. 
 The second feature of modern measurement models is the use of probability 
models to express these relationships. Student performances (OVs) are modeled 
as probabilistically dependent on the student’s level on the LP (SMV). A student 
may exhibit task performances that do not exactly agree with the expectations 
based on the model. For example, a student who has reached a given level of the 
LP might demonstrate a higher or lower level of performance on a particular task; 
task performance could be the result of chance, of inconsistency in applying 
concepts, or of the influence of factors not encoded in the model. This is why the 
conditional probabilities in the introductory example (Table 2) are not all ones and 
zeros. 
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 Combining these two features produces a modern measurement model—
performances on tasks (OVs) are modeled as probabilistically dependent on the 
unobservable level of the LP (SMV). Box 1 provides a formal definition of a 
measurement model formulation in the LP paradigm. Given such a model, we can 
characterize tasks’ effectiveness at distinguishing between levels (through the 
patterns in the conditional probabilities as estimated from data), and we can draw 
inferences about the status of students on a LP (as we will see shortly, through 
posterior probability distributions once we observe students’ performances). 
Further, probability theory helps a researcher explore the fit and misfit of a model 
to data and iteratively fine-tune both tasks and theories. 
 
=========================================================== 

Box 1: Formal definition of a measurement model 

To more formally define the measurement model structure used in the modeling 
of LPs, let  denote an unobservable SMV. Further, let X1, X2,…, XJ represent 
some number J of OVs, the values of which summarize performance on tasks 
(e.g., scored item responses). A measurement model then specifies the 
conditional probability for each OV, denoted P(Xj | ). The conditional 
probability expression yields different probabilities of values of the OV 
depending on the value of the SMV, capturing how a student’s performance 
depends on his/her level of proficiency. Each OV is permitted to have its own 
conditional probability distribution given the SMV, as tasks may differentially 
measure the KSAs. 
=========================================================== 

Bayesian Inference Networks 

Bayes nets combine probability theory and graph theory to represent probabilistic 
relationships among variables. Bayes nets are so named because they support 
reasoning from any set of observations to any other variables (either latent or 
observable but not yet observed) in a network using algorithms that incorporate 
Bayes’ theorem (Lauritzen & Spiegelhalter, 1988; Pearl, 1988). As a general 
modeling approach, Bayes nets focus on conditional probabilities in which the 
probability of one event is conditional on the probability of other events: in 
forecasting, for example, probabilities of tomorrow’s weather given today’s 
weather and climate patterns; in animal breeding, characteristics of offspring 
given characteristics of ancestors; in medical diagnosis, probabilities of 
syndromes given disease states and of test results given syndromes. In 
assessment, interest lies in item responses or features of performances given 
students’ KSAs. Bayes nets can be used to structure relationships across large 
multivariate systems, allowing us, for example, to synthesize the results of many 
observed responses to support inferences about student thinking (Mislevy & 
Gitomer, 1996). 
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 Box 2 more formally describes Bayes nets as probability models. Because Bayes 
nets are framed in terms of the standard theory of probability and statistics, general 
approaches to model construction, parameter estimation, and model criticism are 
available to researchers seeking to model LPs or any other substantive situation. 
 
=========================================================== 

Box 2: Bayes nets as probability models 

In general, Bayes nets can be described as a probability model for the joint 
distribution of a set of finite-valued variables, say (Y1,…YN), represented 
recursively in terms of the product of conditional distributions: 

 
1, , ,N j j

j
P Y Y P Y Pa Y

 
(1) 

where Pa(Yj) refers to the subset of variables with indices lower than j upon which 
Yj depends. These are the variables that have edges pointing from them to Yj in the 
graphical representation of the network. Theory and experience suggest which 
variables should be considered parents of others. For example, in weather 
forecasting, variables for today’s conditions are parents of variables for tomorrow’s 
conditions. In genetics, variables representing genotypes of individuals are parents 
of variables representing the phenotypes of the same individuals, and variables for 
genotypes of literal parents are Bayes net parents of variables for the genotypes of 
their literal children. Theory and experience also provide information for 
determining if one set of variables should be modeled as independent from another 
set of variables, given the values of a third set of variables (“conditional 
independence”). For example, in Table 2, the probabilities of the Item A responses 
are independent of the probabilities of Item B responses given information about 
the levels of IP_Addressing; if we knew the value of a student’s IP_Addressing 
variable, observing the value of the Item A response would not change our 
expectations for her response to Item B. When theory and experience suggest many 
conditional independence relationships, the variables in a Bayes net will have 
relatively few parents, and the diagram and the recursive expression simplify. The 
relationships among variables in the network can then be expressed in terms of 
interactions among relatively small clusters of variables. 
 Once such a representation has been built, one can update belief about any 
subset of the variables given information about any other subset using Bayes 
theorem. The rapid increase of the use of Bayes nets is due to efficient algorithms 
that allow these computations to take place in real time when the dependency 
structure is favorable. 
 In the context of Bayesian networks for LPs,  is a latent discrete SMV with 
states that correspond to the levels of the progression. Formally, the values can be 
ordered, partially ordered, or unordered. A single LP would typically be 
represented by ordered levels. The OVs are discrete variables with states 
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corresponding to the different possible scored performances on items or other 
tasks (e.g., a correct or incorrect response on an item, or levels or types of 
performance qualities in more complex tasks). The Bayes net specifies P(Xj | ), a 
table of the conditional probabilities of observing different performances on tasks 
given the student’s level on the LP. Multiple tasks yield OVs that may have 
different associated conditional probability tables. For example, one item may 
require a student to be at least at a low level of the progression in order to have a 
high probability of performing well, whereas another item requires the student to 
be at a higher level to have a high probability of performing well. In the case of 
the two items for IP_Addressing (Table 2), Item A requires a student to be at level 
2 or above on IP_Addressing in order to have a high probability of getting a 
correct score, while Item B requires a student to be at level 4 or level 5 to have a 
high probability of answering correctly. The specification of the model is 
completed by defining an initial probability distribution for —i.e., a prior 
distribution—capturing how likely it is that a student is at each level of the 
progression. The prior may be uninformative, as in the introductory example 
(Figures 2 and 4), or based on other information such as student background data 
or instructors’ expectations. 
 When a Bayes net is specified in this way to model assessment of a single 
discrete SMV, it can be viewed as a latent class model (Dayton & Macready, 2007; 
Lazarsfeld & Henry, 1968). A traditional formulation for a C-class latent class 
model (i.e., a model with C levels of a learning progression) specifies the 
probability that examinee i responds to item j yielding an OV value of r as 

 
1

( ) ( ) ( | ),
C

ij i ij i
c

P X r P c P X r c  (2) 

where P( i = c) is the prior probability that examinee i is in class c (i.e., level c of 
the progression) and P(Xij = r| i = c) is the conditional probability that an 
examinee in class c responds to item j in response category r. The usual 

restriction,
1

( ) 1
C

i
c

P c , is imposed. Similarly, within latent classes the 

conditional probabilities over response categories are restricted such that 

1
( | ) 1

jR

ij i
r

P X r c , where Rj is the number of distinct response categories for 

item j. The graphical representation contains edges from  to each X (e.g., the edges 
from IP_Addressing to both items in Figure 4). The recursive representation is 

 
1, , , .N j j j

j j
P X X P X Pa X P X P

 
(3) 

 More complex cases can include multiple LPs as well as progressions that 
allow for different pathways so that the Bayes net must address a finer grain-size 
of KSAs to distinguish points along different pathways. In these cases,  is 



PATTI WEST ET AL. 

270 

vector-valued. Performance on a given observable X from a task can depend on 
more than one component of ; that is, conditional probabilities for such an 
observable are estimated for possible combinations of its entire set of parent 
SMVs. In networking, for example, doing well on a certain troubleshooting task 
may require a student to be at Level 3 or higher in the IP_Addressing progression 
and at Level 2 or higher in the Connectivity (also called “Connect Networks”) 
progression. 
 
=========================================================== 
 
 To continue with our example, the graphical representation of a Bayes net 
depicts the structure of relationships among variables—in our case, how 
performance on tasks depends on LP levels—and probabilities that represent the 
analyst’s knowledge of a student at a given point in time. Probabilities that arise 
from (1) knowing nothing about a particular student’s level in IP_Addressing 
and (2) knowing the conditional probabilities of item responses from Table 2 are 
shown in Figure 4. The direction of the arrows reflects the direction of the 
conditional probabilities in the tables, namely, that item performance depends 
on the student’s level in IP_Addressing. 
 Once this probability structure has been built, we can reason in the other 
direction as well. We work back through an arrow to obtain a better estimate 
about an individual student’s level on the LP, given the response the student 
makes to a given item, and then revise what we would expect to see on other 
items as a result. Figure 5 shows that if a student answers Item A incorrectly, he 
or she is probably at Level 1. The probabilities for IP_Addressing are obtained by 
applying Bayes’ theorem as follows: Multiply the initial probabilities for each 
level of the LP (in this case, .2) by the corresponding conditional probabilities in 
the column for Score 0 of Table 2a; then normalize the result (i.e., rescale the 
results of the multiplications so they add to 100%). The result gives the posterior 
probabilities (IP_Addressing in Figure 5). These updated probabilities can then be 
used to obtain the probabilities for Item B. This updating is a simple example of 
Bayes’ theorem with just two variables. In more complicated networks, 
algorithms are used that build on Bayes’ theorem but take advantage of 
conditional independence structures to update many variables efficiently (Jensen, 
1996). 
 Figure 6 shows that if the student answers item A correctly, s/he is probably 
at Level 2 or higher. Figure 7 shows that if the student who answers Item A 
correctly also answers Item B incorrectly, belief shifts to Levels 2 and Level 3. 
(The probabilities for IP_Addressing in Figure 4 have now been combined with 
the column for Score 0 in the Item B conditional probability table, Table 2b). If 
we wanted to sort out these possibilities, we would administer an item that 
focuses on capabilities that emerge in Level 3. Finally, if the student  
had answered B correctly, then our belief would shift to Level 4 and Level 5  
(Figure 8). 
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CHALLENGES IN USING BAYES NETS TO MODEL LEARNING PROGRESSIONS 

A number of challenges exist when using Bayes nets in modeling LPs and 
associated data from assessments targeting LPs. One challenge concerns the 
development of a toolkit of Bayes net techniques tuned for modeling assessment in 
the context of LPs. Bayes nets support probability-based inferences in complex 
networks of interdependent variables and are used in such diverse areas as 
forecasting, pedigree analysis, troubleshooting, expert systems, jurisprudence, 
intelligence analysis, and medical diagnosis (e.g., Pearl, 1988). When using Bayes 
nets in any new domain (like LPs), it is a challenge to develop an experiential base 
and modeling strategies using the general model-building, model-fitting, and model 
criticism tools of Bayes nets to address the relationships that are particular to that 
domain. For example, Bayes net fragments for properties of weather patterns and 
meteorological instruments can be assembled and tailored for weather forecasting 
applications (e.g., Edwards, 1998). Fragments concerning witness credibility and 
lines of argumentation also recur in Bayes nets in legal evidentiary arguments (e.g., 
Kadane & Schum, 1996). The unique features of LPs dictate that certain recurring 
structures will likely be present in applications of Bayes nets used to model LPs. 
We discuss three of these applications—(1) interrelationships among LPs; (2) KSA 
acquisition over time; and (3) evidence from complex tasks—which are likely to be 
part of sophisticated applications of modeling LPs. 
 A second, more local, challenge arises when one applies Bayes nets to model 
any specific substantive LP. In every application there are challenges in defining 
the LP, creating tasks, and iteratively fitting and improving the model and theory. 
In the NRC’s (2001) terms, the cognition, observation, and interpretation 
components of an assessment must cohere. Bayes nets instantiate the last of these 
components. In and of themselves Bayes nets do not dictate the choices faced by 
researchers in any application, including the grain-size and number of levels in 
LPs. The definition and modeling of the middle levels of a LP present specific 
challenges in connecting cognition, observation, and interpretation. 
 There is a continual interplay between these two kinds of challenges. A Bayes 
net toolkit for LP research, at any stage of development, aids the analyst in all 
projects. Every project has its unique wrinkles, offers the possibility of insights 
about model structures or modeling strategies that may be more broadly useful 
for successive projects, and, as such, motivates expressing these new 
understandings in resources for the toolkit. Since Bayes net analysis of LPs is 
relatively new, we note in the following discussion the local challenges we faced. 
These challenges highlight recurring patterns that the field may expect to 
encounter more broadly in modeling LPs. For the interested reader, the Appendix 
gives details of an application of Bayes nets to modeling a learning progression 
in the CNA context. 

Interrelationships Among LPs 

The IP_Addressing example we discuss in this chapter concerns a single LP. In 
any complex domain, however, multiple KSAs must be developed not only with 
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respect to sophistication in and of themselves but also in terms of their 
connections to other KSAs, and jointly as the basis for more integrated 
understandings. The knowledge maps in the Atlas of Science Literacy (American 
Association for the Advancement of Science [AAAS], 2001, 2007) suggest that 
such relationships are common and may become the object of study in LP 
research. This phenomenon occurs in the CNA curriculum. Therefore, we can use 
our experience to illustrate the broader challenge of modeling the 
interrelationships among LPs. The relationships we build in Bayes nets can, when 
schematized, be starting points for future researchers who tackle LP modeling 
challenges that resemble ours. 
 In learning computer network skills, the student goes beyond understanding 
isolated concepts to a synthesis of related KSAs. Figure 9 is a graphical 
representation of the KSAs required for computer networking in the CNA 
curriculum. It was created from discussions with subject matter experts and 
instructors in the curriculum. This is not a Bayes net. Rather, it is a kind of concept 
map that is similar to the maps in the Atlas of Science Literacy (AAAS, 2001, 
2007). The map is one source of information we use in building LPs in the CNA 
domain and in building the Bayes nets for modeling them. The map suggests that a 
student’s capability is directly related to some KSAs that are specific to particular 
networking devices and to other KSAs that are more general. For example, in 
Figure 9, IP_Addressing depends on Basic Math Skills and Understanding Local & 
Remote Network Concepts. 
 In a model of a domain consisting of multiple LPs, the structure and strength 
of the relationships among different LPs can be incorporated in a Bayes network. 
These relationships can be straightforward, such as when two LPs are correlated 
or when mastery of one LP is a prerequisite for mastery of a more advanced LP. 
Other relationships can be more complicated. For example, exploratory analysis 
in the CNA curriculum suggests that to master certain levels of the 
IP_Protocol_Rules progression, learners must be at a certain level of 
understanding in the IP_Addressing progression. It can be challenging to 
determine how to model the relationships between the LPs. While there are 
methods to learn the structure of a Bayesian network just from data, it is often 
useful to hypothesize the structure first and then use data to verify or to revise 
this model. 
 Using Bayes nets to model the hypothesized structure of multiple LPs, we 
structure the joint distribution among a set of LPs by constructing relationships 
among latent variables in a multivariate system. As previously discussed, under a 
Bayes net approach, each LP is represented as a discrete latent variable (node) with 
categories corresponding to different levels of KSAs in the LP. In the graphical 
representation, directed edges connect latent variables according to a model 
structure suggested by subject matter experts or exploratory analyses; for example, 
Figure 10 indicates that there is a dependence between IP_Addressing and 
IP_Protocol_Rules as discussed above. That is, the arrow from IP_Addressing  
to IP_Protocol_Rules indicates that the probabilities of the levels of the 
IP_Protocol_Rules SMV are different, depending on the level of IP_Addressing. 
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The edge in this graph only indicates that there is a relationship, not its nature or 
strength. This information is contained in the conditional probabilities. Table 3 
shows one possible relationship. Reading conditional probability distributions 
across rows, we see that if a student is at Level 1 or Level 2 of IP_Addressing, there 
is a high probability the student will be at Level 1 of IP_Protocol_Rules. However, a 
student at Level 3, Level 4, or Level 5 of IP_Addressing has very similar 
probabilities of being at any level of IP_Protocol_Rules. The interpretation of this 
structure is that students at Level 1 or Level 2 of IP_Addressing are usually at Level 
1 of IP_Protocol_Rules. For students at or above Level 3 in IP_Addressing, there is 
only a mild positive association between the two variables. 

Table 3. A Conditional Probability Table with a Dependency Estimated from Data. 

IP_Addressing 

IP_Protocol_Rules 

Level 1 Level 2 Level 3 Level 4 

Level 1 0.72 0.14 0.08 0.06 

Level 2 0.59 0.21 0.11 0.09 

Level 3 0.32 0.28 0.22 0.18 

Level 4 0.23 0.25 0.26 0.26 

Level 5 0.21 0.24 0.27 0.28 

 Conditional probabilities can be determined based on data alone or in conjunction 
with constraints suggested by subject matter experts. Table 4 is very similar to Table 
3, but Table 4 has theory-based constraints. The zeros in Table 4 imply that a person 
who is at Level 1 or Level 2 on IP_Addressing cannot be at a high level of 
IP_Protocol_Rules. That is, Level 3 of the IP_Addressing LP is a prerequisite for 
being at Level 3 of the IP_Protocol_Rules LP. Such a structure could be suggested by 
the substantive relationship between the KSAs at the levels of the two LPs. With 
data, a statistical test could be applied to test whether constraining the probabilities at 
the upper right of Table 4 to zero provides acceptable fit. 

Table 4. A Conditional Probability Table with Constraints on Conditional Probabilities that 
Affect a Prerequisite Relationship. 

IP_Addressing 

IP Protocol Rules 

Level 1 Level 2 Level 3 Level 4 

Level 1 0.8 0.2 0* 0* 

Level 2 0.7 0.3 0* 0* 
Level 3 0.25 0.25 0.25 0.25 
Level 4 0.25 0.25 0.25 0.25 
Level 5 0.25 0.25 0.25 0.25 

* Constrained value. 



A BAYESIAN NETWORK APPROACH TO MODELING LEARNING PROGRESSIONS 

277 

Multiple Time Points 

Another challenge related to the Bayes net implementation of LPs is modeling 
change over time. As mentioned above, LPs can be characterized as measurable 
pathways that students may follow in building their knowledge and in gaining 
expertise over time. The Bayes nets we have discussed in this chapter have only 
addressed student status at a single point in time. Dynamic Bayes nets can be used 
to model student LPs over multiple time points where a student’s level may change 
from one set of observations to another.1 At each time point there are (a) one or 
more SMVs representing the LP(s) and (b) OVs with probabilistic dependence 
upon the SMVs. In addition, there is a copy of the SMVs for each time point. We 
model the relationship between unobservable LPs over time with conditional 
probability distributions that reflect transition probabilities. Transition probabilities 
indicate the probability of moving from a particular level at one measurement 
occasion to the other levels at the next measurement occasion. 
 Figure 11 shows an example of modeling LPs with a dynamic Bayes net. The 
Bayes net contains two parts: (1) four SMVs, which are actually the same LP but 
assessed at four successive time points where each measurement occasion modeled 
is dependent on the previous one, and (2) four OVs at each time point that are 
dependent on the SMV for that time point. Different patterns of transition matrices 
can be considered that depend on the developmental theory that grounds the LPs 
and on the students’ experiences between measurement occasions. For example, 
the effectiveness of instructional treatments can be compared in terms of the 
transition probabilities they produce. Figure 11 depicts a situation in which 
observations have been made at all four time points. At each occasion, the results 
of four tasks were observed. This student was most likely at Level 1 of the SMV on 
the first occasion, at Level 2 on the second occasion, at Level 3 on the third 
occasion, and at Level 4 on the fourth occasion. 

Complex Tasks 

In the examples discussed thus far, each observable variable depends on only one 
SMV (i.e., LP). More complex tasks, however, may require jointly employing the 
KSAs that are modeled to reflect levels in more than one LP. Conducting an 
investigation in Mendelian inheritance, for example, may require KSAs from both 
a LP for the concepts in Mendelian genetics and the skills in a LP for proficiency 
in scientific inquiry. 
 In computer networking, students solving real-world network design and 
troubleshooting problems often encounter tasks that require them to draw upon 
multiple KSAs. Figure 9 suggests that assessing a student’s capabilities in 
configuring a router involves the student’s understanding of IP addressing and 
router concepts plus the student’s ability to connect networks. While tasks can be 
defined to measure just one skill (and most of the multiple choice questions in end-
of-chapter tests are so designed), in order to determine whether students can solve 
problems in real-world environments we must design tasks that require KSAs from 
multiple LPs. 
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Table 5. Conditional Probability Table for the Observable Variable ConAddTask1, Which 
Has Two SMV Parents (IP_Addressing and Connectivity). 

Connectivity IP_Addressing 
ConAddTask1 

Score 0 Score 1 

Level 1 Level 1 90 10 
Level 1 Level 2 90 10 
Level 1 Level 3 90 10 
Level 1 Level 4 90 10 
Level 1 Level 5 90 10 

Level 2 Level 1 90 10 

Level 2 Level 2 90 10 

Level 2 Level 3 90 10 

Level 2 Level 4 20 80 

Level 2 Level 5 20 80 

Level 3 Level 1 90 10 

Level 3 Level 2 90 10 

Level 3 Level 3 90 10 

Level 3 Level 4 20 80 

Level 3 Level 5 20 80 

 In terms of subject matter, the groupings reflected in the IP_Addressing LP are 
based on clusters of related concepts that are taught and practiced together as 
variations on a “key idea” that is addressed in instruction and built on in 
subsequent levels. Two data-driven lines of reasoning influenced our choice of 
grain-size: (1) analyses of existing test data and subsequent identification of 
patterns of stability in that data and (2) variation in performance across two 
different organizations of the CNA curriculum. 
 Analysis of end-of-chapter test data revealed items with similar difficulties in 
terms of statistics and clustering of students in accordance with latent classes that 
represented those who “got the idea” and those who did not—usually one central 
concept, sometimes two, in a chapter. We conducted exploratory analyses using 
unconstrained latent class models (see Haertel, 1989) to identify structures that 
may suggest portions of LPs. These exploratory analyses and additional latent class 
analyses revealed dependencies across chapters that reflect curriculum developers’ 
beliefs that certain concepts build on others. Tracking these dependencies revealed 
linear progressions of concepts across chapters that formed a LP, such as 
IP_Addressing. There was instructional value in defining a LP at this grain-size 
because the central theme in a given LP level (as discussed in connection with the 
IP_Addressing example) could account empirically for a cluster of related KSAs 
addressed in the chapter and the associated learning exercises. We also found cases 
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in which knowledge at a given level of one LP was necessary for advancing to a 
given level of a different LP. 
 We gained further insights by comparing results across different presentations of 
material. Different classes present information in different sequences. Our analyses 
are still underway, but it appears that the patterns of performance in different 
courses can be understood in terms of the different orders in which the LP levels 
are addressed. In other words, modeling at a coarser grain-size would produce a 
very “messy middle” because after, say, two courses, students would have very 
different performance profiles. Modeling at the medium grain-size allows us to 
understand the middle in terms of different profiles across the same set of LPs. 

The “Messy Middle” 

Another challenge related to the definition of LPs may arise when modeling middle 
levels of proficiency. It is typically easiest to define the endpoints of a LP, where 
the lowest level refers to a novice state and the highest level refers to an expert 
state. In the simple LP described in the beginning of this chapter, learning 
generally proceeds as the successive attainment of KSAs in a single order, as 
shown in Table 1. In such cases, it is possible to define a LP in terms of ordered 
levels of a single SMV (as shown in Figure 13a). 
 It is more challenging to model the intermediate levels in the LP, however, 
when there are multiple pathways a student may follow in acquiring the KSAs 
associated with the various levels. To illustrate some of these possibilities, Figure 
13b depicts alternative structures for the sequencing of KSA acquisition. In each 
sequence, the nodes represent different KSAs associated with the LP. Note that 
KSA 1 and KSA 5, at the beginning and the end of the sequences, represent the 
lowest and highest endpoints of the LP, respectively. The sequence on the left 
represents the acquisition of KSAs 1–5 in a particular order: students acquire KSA 
1, followed by KSA 2, followed by KSA 3, followed by KSA 4, and finally KSA 
5. The sequence in the middle offers a similar structure in which KSAs are 
acquired in an ordered fashion although the order differs. The sequence on the right 
depicts a different structure in which students acquire KSA 1 and then KSA 2. 
They then may acquire either KSA 3 or KSA 4, both of which must be acquired 
before KSA 5. 
 As Figure 13 illustrates, numerous patterns of KSA acquisition are possible. It is 
often unclear which sequence or pattern holds, or, as may be possible, if students 
experience different sequences of KSA acquisition. The difficulty in defining a 
single sequence that applies to all students, or of enumerating all the sequences that 
students experience—to say nothing of identifying which sequence students 
progress along—is what is referred to as the “messy middle” (Gotwals & Songer, 
2010, p. 277). Approaches for modeling multiple sequences in the “messy middle” 
can be found in the psychometric literature on diagnostic and classification models 
(e.g., Haertel & Wiley, 1993; Leighton & Gierl, 2007; Rupp & Templin, 2008; 
Tatsuoka, 2002). These approaches can be expressed in Bayes net structures by 
extending the ideas discussed in the previous section.  
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make task design more principled, more planful, and ultimately more valid. Bayes 
nets also help connect curriculum to assessment. For example, curriculum 
designers can use information from a Bayes net structure to make decisions about 
which content areas to emphasize so that students have a greater probability of 
mastering future KSAs (DiCerbo & Behrens, 2008). 
 An area we continue to explore is how Bayes nets can provide feedback to 
students and instructors (DiCerbo, 2009). Such feedback could be achieved in at 
least two ways. First, students could receive reports that update their estimated 
levels on various KSAs, given their assessment performance. Based on these 
reports, students could be directed to other activities. This is the idea behind 
intelligent tutors or, when wrapped in a “fun” scenario, behind games (Shute et al., 
2009). Teachers can use the structure of Bayes nets the same way that the 
curriculum designers (mentioned above) do when making decisions about content 
emphasis. In addition, teachers can diagnose student problems. For example, if a 
student is struggling in one area, teachers can look backwards to a network of 
variables to see what prerequisite KSAs the student probably lacks. 

Challenges for the Community 

Model-building is, by nature, iterative. Progressions are hypothesized, and models 
are built, based on understandings of the substantive area and data at a given point 
in time. As discussed above, building a Bayes net for a particular application 
involves encoding the relationships and making hypotheses of interest from the 
domain in the Bayes net. The Bayes net is fit to the data, and data-model fit and 
related model-checking tools are used to identify strengths and weaknesses of the 
Bayes net in terms of overall features, subsets of variables, or subsets of examinees 
(Levy, 2006; Sinharay, 2006; Sinharay & Almond, 2007; Williamson, Mislevy, & 
Almond, 2001). The results of these analyses have several interpretations. In a 
statistical sense, adequate data-model fit indicates that the probabilistic 
relationships in the Bayes net account for what actually takes place in terms of the 
data at hand, whereas data-model misfit indicates the relationships in the Bayes net 
do not reflect what actually takes place. More substantively, because the Bayes net 
is explicitly built to reflect domain-specific hypotheses, adequate data-model fit 
constitutes support for those hypotheses, whereas data-model misfit constitutes 
evidence against the hypotheses. Data-model misfit might indicate that some 
approximations or choices made in the model are not precise enough, or that 
certain relationships are poorly understood, or that the hypotheses and relationships 
hold for certain students but not for others. 
 As noted above, Bayes nets are flexible statistical models applicable to a wide 
variety of problems. Assessment and assessment in the context of LPs constitute 
just a few of these problems. The unique features of assessment of LPs, however, 
dictate that certain recurring features of the model are likely present in applications 
of Bayes nets to LP assessments. At present, the development of Bayes nets to 
accommodate these aspects is in its relative infancy. Similarly, related aspects of 
modeling need to be tuned to the particular features of assessment in the context of 
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LPs. For example, efficient data-model fit procedures to evaluate hypotheses about 
sequences of KSA acquisition through the “messy middle” need to be developed. 
 As discussed above, new challenges arise in every application in which a 
researcher models a LP in a particular substantive area. A comprehensive approach 
to assessment for LPs develops Bayes nets in concert with the specification of the 
desired inferences and tasks. This process, which is often iterative, is always 
localized to the specific situation as defined by the purpose of the assessment. Any 
serious application of Bayes nets involves the interplay between the 
methodological tools of Bayes nets and the substantive expertise required to build 
appropriate model approximations for the domain. 

NOTE 
1 Because the LP variables are unobservable, the resulting Bayes net is formally a hidden Markov 

model (Cappé, Moulines, & Rydén, 2005; Langeheine &Van de Pol, 2002). 
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APPENDIX 

 An Example of Building and Fitting a Bayesian Network for a Learning 
Progression 

This example demonstrates how assessment data can be used to help validate a 
learning progression (LP) using statistical modeling in the form of a Bayes net. The 
data are from scored responses to 35 items written to target specified levels of the 
IP_Addressing progression. The hypothesized structure is a Bayes net with these 
35 items as conditionally independent observable variables, dependent on a single 
discrete latent variable with values that indicate LP levels. 
 Owing to the connection between a Bayes net of this description and latent class 
analysis (Box 2), a series of latent class analyses were conducted using the poLCA 
package (Linzer & Lewis, 2007) in R (R Development Core Team, 2008). These 
were exploratory analyses that did not constrain the solution to finding the 
theoretical levels that motivated the item writers or to yielding conditional 
probabilities that reflected jumps that accorded to levels. Rather, they were 
unconstrained latent class analyses for 2-Class, 3-Class, 4-Class, 5-Class, and 6-
Class solutions. Furthermore, it was not required that classes be ordered or that the 
conditional probability matrices for items would show jumps at levels targeted by 
the item writers. The structure that emerged would be driven by patterns in the 
data. As the ensuing discussion shows, the latent class structure that emerged 
empirically closely reflected the theoretical structure of LP levels and conditional 
probabilities for items with jumps at intended levels. 
 The 4-Class model demonstrated the best fit to the data, based on statistical fit in 
terms of the BIC (Schwarz, 1978) and the bootstrapped likelihood ratio test 
(McLachlan & Peel, 2000; Nylund, Asparouhov, & Muthén, 2007) conducted in 
Mplus (Muthén & Muthén, 1998–2006). In addition, this model offered the best 
interpretability of the classes in terms of class membership proportions and 
consistently ordered patterns of class performance across items. The four classes 
identified in the analysis corresponded to increasing levels of performance on the 
items and were interpretable as increasing levels of KSAs. A hypothesized further 
distinction at the high end of the LP was not realized due to the small number of 
items targeted at this level. In other words, there was insufficient information in the 
data set to differentiate students at the two highest theorized levels. A Bayes net 
representation of a model with a single SMV containing four levels (classes) was 
then constructed in Netica (Norsys Software Corp., 2007), represented in Figure A1. 

INFERENCES REGARDING ASSESSMENT ITEMS 

An item was classified as “at the level” of a certain class if it supported an 
interpretation that students at that level would be able to solve or complete the task, 
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 Five items were scored polytomously; these distinguished roughly well at the level 
predicted by experts. This is seen in terms of differential probabilities between the 
targeted LP levels at one score level and the two other LP levels at another score 
level. This phenomenon is illustrated for the item whose conditional probabilities 
appear in Figure A3. This item was expected to be a level 4 item. This item is located 
at class 2 with respect to being able to obtain a score of 1 as opposed to 0; it is also is 
located at class 3 in terms of being able to obtain a score of 2 as opposed to 1.  
 Overall, eighteen items were located at a level adjacent to the predicted level 
(e.g., an item expected at level 4 was located at class 3). One item was located 
adjacent to the predicted class and was also located at another class not adjacent. 
Only one item was clearly located at a class that was not equal to or adjacent to 
the predicted level. Initial reviews of these results indicated revisions that would 
help the items more sharply target the concepts at their intended levels. 

INFERENCES REGARDING STUDENTS 

The conditional probability tables also reveal how inferences regarding students are 
conducted in the Bayes net. For example, observing a correct response for the item in 
Figure A2 is strong evidence that the student is in class 4; observing an incorrect 
response for the item in Figure A2 is relatively strong evidence that the student is not 
in class 4. The use of a Bayes net approach supports inferences regarding students by 
collecting and synthesizing the evidence in the form of observed values of variables. 
That information is then propagated through the network via algorithms based on 
Bayes’ theorem to yield posterior distributions for the remaining unknown variables 
(Pearl, 1988), including the SMV corresponding to the LP. For example, Figure A1 
contains the Bayes net for a student who has completed four items. The student 
correctly answered the first two items and incorrectly answered the next two items. 
On the basis of this evidence, the posterior distribution for his/her latent skill variable 
indicates that this student has a probability of being in classes 1–4 of .487, .264, .228, 
and .021, respectively. On this basis we may infer that the student is almost certainly 
in one of the first three classes (i.e., is at one of the first three levels of the 
progression) and is more likely in the first class than either the second or third. Yet 
there still remains considerable uncertainty. The collection and inclusion of more 
data would lead to a more refined inference. 

COMMENT ON THE EXAMPLE 

The results of the modeling offer a data-based interpretation of the development of 
KSAs that constitute the LP. In some cases, the results for items confirm the 
experts’ expectations. For other items, the results are more ambiguous or offer an 
alternative to the experts’ expectations. To take a more comprehensive perspective 
on assessment of LPs, the results of the statistical analyses will be submitted to the 
subject matter experts for consultation and possible refinements in terms of the 
definition of the LP, the items that assess the aspects of the LP, and the utility of 
additional items for modeling students’ progression. 
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DEREK C. BRIGGS AND ALICIA C. ALONZO 

THE PSYCHOMETRIC MODELING OF ORDERED 
MULTIPLE-CHOICE ITEM RESPONSES FOR 

DIAGNOSTIC ASSESSMENT WITH A LEARNING 
PROGRESSION 

An appealing feature of learning progressions is their potential to facilitate diagnostic 
assessment of student understanding. In this context, diagnostic assessment hinges 
upon the development of items (i.e., tasks, problems) that efficiently elicit student 
conceptions that can be related to a hypothesized learning progression. Briggs, 
Alonzo, Schwab, and Wilson (2006) introduced Ordered Multiple-Choice (OMC) 
items for this purpose. OMC items combine the efficiency of traditional multiple-
choice items with the qualitative richness of responses to open-ended questions. The 
potential efficiency results because OMC items offer a constrained set of response 
options that can be scored objectively; the potential qualitative richness results 
because OMC response options are designed to correspond to students’ answers to 
open-ended questions and are explicitly linked to a discrete level of an underlying 
learning progression. The OMC format belongs to a broader class of item formats in 
which the interest is the diagnosis of students’ reasons for choosing incorrect answers 
(cf. Minstrell, n.d., 1992, 2000). An attractive aspect of OMC items is that they are 
consistent with the spirit of learning progressions, which, at root, muddy the notion 
that students either “get something” or they don’t. 
 This chapter describes some challenges inherent in the psychometric modeling of 
learning progressions, using the context of a specific learning progression and an 
associated set of OMC items. Formal psychometric modeling is important for learning 
progression work for two reasons. First, a psychometric model may be used to draw 
probabilistic inferences about unobserved (i.e., latent) states of student understanding. 
With such inferences, it is possible to quantify how well a student has mastered the 
content of a learning progression. Second, the process of specifying a model and 
evaluating its fit may offer a systematic way to validate and refine a hypothesized 
learning progression. However, a psychometric model may fail to make diagnostic 
inferences because it does not support reliable diagnoses or because diagnoses do not 
correspond to other evidence of student understanding. Then questions arise that 
learning progression development teams must address. Is there a problem with the 
assessment instrument? Or should the levels of the hypothesized learning progression 
be revised? Or has an inappropriate psychometric model been specified? 
 The rest of the chapter is divided into five sections. First, we briefly describe the 
development of a relatively simple learning progression and an associated set of 
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OMC items. Then we present descriptive statistics from a recent administration of 
these OMC items to a convenience sample of high school students. In this section 
we also review some limitations of using classical item statistics to make 
inferences about student understanding. In the third section we discuss the inherent 
challenges associated with choosing an approach for modeling student responses 
when the goal is to make diagnostic inferences about student understanding. We 
distinguish between approaches based on item response theory models and on 
diagnostic classification models. In the fourth section we introduce the Attribute 
Hierarchy Method (AHM; Leighton, Gierl & Hunka, 2004) as a relatively novel 
approach for modeling OMC items. The AHM is a diagnostic classification model 
that builds on the seminal work of Tatsuoka (1983, 2009) who developed the Rule 
Space Method for cognitive assessment. To our knowledge, the AHM has not been 
applied in the context of a learning progression in science. We illustrate the steps 
that are necessary to apply the AHM to OMC item responses in order to produce 
diagnostic student classifications. In the last section we speculate about strengths 
and weaknesses of the AHM. 

BACKGROUND 

In previous studies we developed learning progressions in earth science, life 
science, and physical science (Alonzo & Steedle, 2009; Briggs et al., 2006). In this 
chapter we use a learning progression that focuses on conceptual understanding of 
the Earth in the Solar System (ESS) as the context for the modeling discussion that 
follows. The ESS learning progression describes students’ developing 
understanding of target ideas in earth science. According to national science 
education standards, students should understand these ideas by the end of eighth 
grade (American Association for the Advancement of Science [AAAS], 1993; 
National Research Council [NRC], 1996). However, there is substantial evidence 
that typical instruction has not succeeded in achieving this goal. In fact, even many 
college students have misconceptions about these target ideas (e.g., Schneps & 
Sadler, 1987). 
 Our initial development of the ESS learning progression followed the same 
process we used for other learning progressions (for more detail, see Briggs et al., 
2006). We began by defining the top level of our learning progression, relying upon 
national science education standards (AAAS, 1993; NRC, 1996). By the end of 
eighth grade, students are expected to use accurate models of the relative motion of 
the Earth and other objects in the Solar System to explain phenomena such as the 
day/night cycle, the phases of the Moon, and the seasons. We defined lower levels of 
the learning progression (i.e., novice understanding, intermediate understanding, etc.) 
using the research literature on student understanding of the targeted ideas (e.g., 
Atwood & Atwood, 1996; Baxter, 1995; Bisard, Aron, Francek, & Nelson, 1994; 
Dickinson, Flick, & Lederman, 2000; Furuness & Cohen, 1989; Jones,  
Lynch, & Reesink, 1987; Kikas, 1998; Klein, 1982; Newman, Morrison, & Torzs, 
1993; Roald & Mikalsen, 2001; Sadler, 1987, 1998; Samarapungavan, Vosniadou, & 
Brewer, 1996; Stahly, Krockover, & Shepardson, 1999; Summers & Mant, 1995; 
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Targan, 1987; Trumper, 2001; Vosniadou, 1991; Vosniadou & Brewer, 1992; Zeilik, 
Schau, & Mattern, 1998). In defining these lower levels, we used information about 
both misconceptions and productive—although naïve—ideas that could provide a 
basis for further learning. While the target level of understanding at the top of this 
learning progression is linked to the AAAS and NRC expectations for eighth grade 
students, the lower levels represent understandings that students are expected to 
develop in kindergarten through the middle grades.  
 At this point it is important to note two key limitations of the research available 
for the construction of this (and most other) learning progressions. Although the aim 
of learning progressions is to describe how student understanding develops, the 
research evidence is primarily cross-sectional. While we have important information 
about the prevalence of particular ideas at different ages, there is little documentation 
of the progress individual students make through these ideas over time as a result of 
instruction. In addition, much of the ESS research concerns students’ 
misconceptions, generally focusing on isolated (incorrect) ideas rather than on the 
relationship between students’ ideas (both correct and incorrect). Since the ESS 
learning progression encompasses multiple phenomena—the Earth orbiting the Sun, 
the Earth rotating on its axis, and the Moon orbiting the Earth—the definition of 
levels requires grouping ideas about these phenomena, using both experience and 
experts’ logical reasoning. Thus the ESS learning progression represents a hypothesis 
both about how students progress towards targeted levels of understanding and about 
how ideas about different phenomena “hang together.” Testing this hypothesis 
requires further evidence from the iterative process of developing a learning 
progression and its associated assessment items. The learning progression informs 
the development of assessment items; these items are used to collect data about 
student thinking; the data are linked to the initial progression using a psychometric 
model; and revisions are made to the items and to the learning progression.  
 The current version of the ESS learning progression is depicted in Figure 1. The 
science education community is very interested in learning progressions that 
specify different levels of student knowledge and also describe how students may 
demonstrate that knowledge. Smith, Wiser, Anderson, and Krajcik (2006) have 
called for learning progressions that specify “learning performances” (p. 9). In  
the ESS learning progression, such learning performances are implied: students are 
expected to use the targeted knowledge to explain or predict phenomena such as 
the day/night cycle, the phases of the Moon, and the seasons. 
 Figure 2 shows two examples of OMC items developed to assess students’ 
location on the ESS learning progression. At first glance, the OMC items resemble 
the typical multiple-choice items found on most traditional exams. There is a 
difference, however. For OMC items, each response option is intended to represent 
a qualitatively distinct level of understanding of the ESS learning progression. 
Although each OMC item has a response option considered the “most” correct, 
partial credit is given for responses that reflect developing understanding of the 
phenomenon in the item stem. (For more detail on how these items were 
developed, see Briggs et al., 2006.) Here we note three features of OMC items that 
impede diagnostic inference:  
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of a subset of OMC items if the assumption is that students have not yet been 
taught the skills and concepts needed to respond at the highest level. Or a floor 
effect may be built into a subset of OMC items if the assumption is that students 
have already learned the skills and concepts at lower levels. Or an OMC item may 
include multiple response options at the same level because the options are 
qualitatively different but cannot be ordered. Although these options do not add 
additional information about a student’s level on the learning progression, they 
may provide qualitative information about nuances in students’ thinking. 
Therefore, such options may be included in the design of the OMC items if there 
are multiple ways of thinking that are consistent with a particular level of the 
learning progression. 

DATA AND CLASSICAL ITEM STATISTICS 

In the 2008–2009 school year we administered a science test to 1,088 high school 
students (grades 9–12) at six high schools in rural and suburban Iowa. Any 
student enrolled in a science course at these schools was eligible to participate  
in the study. However, not all science teachers granted permission for  
data collection in their classes. Participating students were enrolled in 68 science 
classes at a range of levels—from freshmen-level to upper-level courses. The test 
consisted of 28 OMC items: 12 items associated with a hypothesized learning 
progression for ESS and 16 items associated with a hypothesized learning 
progression on the topic of force and motion. We focus here on the results from 
the 12 ESS OMC items.  
 Students answered the OMC items in their science classes. The average 
participation rate across all classes was 83%. The sample was fairly evenly 
divided between male and female students (52% male; 48% female). High 
school students were chosen for the study to minimize guessing. Most high 
school students should have been exposed to the ideas in the two learning 
progressions and therefore would not need to guess at answers. However, a 
drawback of the sample was that we were less likely to find students choosing 
options consistent with the lower ends of the learning progressions. After 
completing the ESS OMC items, students answered the following question: 
“Was the content of [these] questions covered in a science class you’ve taken?” 
While 46% of the students answered “yes,” 25% answered “no,” 28% answered 
“I am not sure,” and 2% did not respond. A partial explanation of these results 
may be that ESS is not always taught in high school science curricula.  
 Table 1 shows the distribution of student OMC item responses mapped to the 
levels of the ESS learning progression. The items are arranged from easiest to 
hardest, where “easiness” is defined as the proportion of students selecting a 
response option at the highest possible level. For example, 74% of students 
selected the highest possible response option for item 11 (“Which picture best 
represents the motion of the Earth (E) and Sun (S)?”). Thus item 11 is the easiest 
item. Only 20% of students selected the highest possible response option for item 8 
(“Which is the best explanation for why we see a full moon sometimes and a 
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diagnostic inferences. The first challenge is to choose the functional form of the 
model; the second is to make plausible assumptions about whether the latent 
variable (or variables) “measured” is (are) discrete or continuous. 
 “Modeling” item responses refers to the activity of making a formal statement 
about the factors involved when a student interacts with an assessment item. In 
item response theory (IRT; De Boeck & Wilson, 2004; van der Linden & 
Hambleton, 1996), this formal statement is made in terms of an item response 
function (IRF). Let the variable piX  represent possible responses to assessment 
item i that could be given by student p. An IRF provides a mathematical expression 
for the probability of observing an item response in score category k as a function 
of one or more parameters (i.e., dimensions) specific to respondents ( p ), and one 

or more parameters specific to items ( i ):  

 ( ) ( , ).pi p iP X k f  (1) 

The very general expression in Equation 1 accommodates IRFs that range from the 
very simple (a single parameter for each student and a single parameter for each 
item) to the very complex (multiple parameters per individual student and item). 
One well-known example of an IRF, which is often applied when modeling student 
responses to the traditional multiple-choice items found on most large-scale 
assessments, is the three-parameter logistic model (3PL; Birnbaum, 1968): 

 

1 | 1 .
1

i p i

i p i

a b

pi p i i a b

eP X c c
e

 (2) 

The 3PL model is so-named because three distinct parameters are specified for 
every item that a student answers ( , , )i i ia b c . Values of the parameter ia  affect the 

slope of the IRF. The larger the value of ia , the steeper the curve. This means that 

on items with relatively large values of ia , a small change in (unidimensional) p 
will produce a large change in the probability of a correct response. Because such 
items appear better at discriminating between respondents with different 
underlying values of θ, the parameter ia  is sometimes referred to as the item 
discrimination parameter. In contrast, values of the parameter ib  affect the location 
of the IRF. The larger the value of bi  for an item, the larger the value of θ needed 
for a respondent to have a high probability of answering the item correctly. The 
parameter ib  is often referred to as the item difficulty parameter. Finally, values of 

ic , which in theory may range between 0 and 1, establish a lower asymptote for the 
IRF. The larger the value of ic , the higher the “floor” on the probability that a 
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respondent will answer the item correctly. Because it is intended to capture the 
possibility that respondents have answered an item correctly by guessing, the 
parameter ic  is often referred to as the guessing parameter. The inclusion of a 
single student-specific variable θ in Equation 2 brings the total number of 
parameters to four. 
 An example of an IRF with a simpler functional form is the Rasch Model 
(Rasch, 1960): 

 

1 | .
1

p i

p i

b

pi p b

eP X
e

 (3) 

Upon inspection, the mathematical difference between the IRFs in Equations 2 and 3 
is that in Equation 3, the item parameters ia  and ic have been constrained to be equal 
to 1 and 0, respectively. Yet there are also important differences between the two 
IRFs that are more philosophical than mathematical. In the Rasch tradition, items 
are developed to fit the model because when the data fit the Rasch model, it is 
possible to make invariant comparisons between respondents. That is, comparisons 
of students do not vary as a function of the specific items chosen for a test 
instrument, just as comparisons of items do not depend upon the specific sample of 
students who respond to them. The alternative tradition is to view the data as fixed 
and to choose an IRF that bests fits the data—whether this leads to the Rasch Model 
or something much more complex. (An extended discussion of these two positions 
is outside the scope of this chapter; for additional details, see Andrich, 2004; Bock, 
1997; Thissen and Wainer, 2001; Wilson, 2005; Wright, 1997). We raise this issue 
in order to make the broader point that even for assessment items with traditional 
score formats, the selection of an IRF using an IRT-based approach is not 
straightforward. The problem is that there are two criteria for optimality. First, there 
is the technical need to model observed item responses as faithfully as possible. 
Second, there is the practical need to choose models that are parsimonious and 
readily interpretable. The Berkeley Evaluation and Assessment Research (BEAR) 
Assessment System, which has been previously applied to model learning 
progressions in science, is an example of an IRT-based approach that prioritizes the 
latter criterion (Wilson, 2009).  
 Because learning progressions attempt to distinguish between multiple levels of 
understanding, their associated items often (if not usually) must be scored in more 
than two ordinal categories (i.e., polytomously). The OMC format described in this 
chapter is an example. At minimum, the specification of an IRF for OMC items 
should take this added complexity in scoring into account. In addition, a 
parameterization must be selected to address the obstacles to score interpretations 
noted previously: floor and ceiling effects, as well as multiple response options 
linked to the same score level. De Boeck and Wilson (2004) offer one paradigm for 
such decision-making in their book Explanatory Item Response Models. This edited 
volume gives many examples of conventional IRFs of IRT models that are 



THE PSYCHOMETRIC MODELING OF ORDERED MULTIPLE-CHOICE ITEM RESPONSES 

303 

expanded by the addition of new variables and parameters that explain variability in 
observed item responses. Another example is the “mixture model” that proposes a 
solution for the problem that students may guess the correct OMC response option 
(Mislevy & Verhelst, 1990; Wilson, 1989). This model posits two populations of 
students: those who guess when they don’t know the most sophisticated item 
response and those who do not guess in the same circumstance. Using this model, it 
is possible to specify two distinct IRFs, one for each hypothetical population of 
students. Yet another example deals with the fact that certain items have multiple 
response options at the same level while others do not. In the “logistic latent trait 
model” (Fischer, 1977, 1983) item difficulty is modeled as a function of both the 
levels of possible response options and the number of these options.  

In recent years several authors have argued that even these elaborated IRFs may 
not be ideal if the purpose of the model is to make diagnostic classifications of 
students (Junker & Sijtsma, 2001; Leighton & Gierl, 2007; Rupp, Templin, & 
Henson, 2010). IRT models posit that the latent variable (or variables) underlying a 
student’s item responses is (are) continuous. As a result, the estimation of student-
specific values for these variables does not lead to direct classification of students 
into discrete categories. Rather, a second step is needed in which “cut-points” are 
established along the student-specific latent variable θ. This step typically requires 
some degree of subjective judgment as is the case when criterion-referenced 
standards are established for student performance on large-scale assessments.  

This argument emphasizes the murkiness in defining θ as a “latent variable” or 
student “ability.” In the context of learning progressions, one may say that θ 
represents at least one attribute that becomes more sophisticated as students receive 
instruction. In this sense, θ is some unknown (i.e., latent) variable that assumes 
values that span multiple levels of a hypothesized learning progression. But what is 
the mapping between the values of the latent variable and the levels of the learning 
progression? If θ is assumed to be continuous while the levels of the learning 
progression are discrete, then to some extent there is a mismatch between the 
granularity of the hypothesis that underlies the design of assessment items and the 
granularity of the latent variable that underlies the design of the psychometric 
model. Such a mismatch seems inherent when θ is defined as a continuous latent 
variable in an IRT-based approach.  
 An alternative is the specification of what Rupp et al. (2010) describe as 
diagnostic classification models (DCMs). DCMs can be distinguished as models in 
which the latent variables of interest are discrete rather than continuous, and the 
objective of the models is to provide a profile of knowledge and skills based on 
statistically derived classifications (Rupp & Templin, 2008). A taxonomy of 
models that fit this definition is outside the scope of this chapter (see Rupp et al., 
2010 for these details). However, in the next section we illustrate the basic 
principles of a DCM-based approach by showing how the AHM (a specific DCM-
based approach) can model OMC item responses according to the hierarchy 
implied by the ESS learning progression.  
 Before proceeding, we emphasize that we do not argue that IRT-based 
approaches are invalid for making diagnostic inferences. Even when the 
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assumptions of an IRT model are wrong, and those of a DCM are right (and 
unfortunately, the truth is never known a priori), the former may provide a first-
order approximation of the latter, and vice versa when the conditions are reversed. 
This is an empirical question that we do not address in this chapter. A latent 
variable is, after all, by definition unobservable, so assumptions are unavoidable. 
Nevertheless, in our view, the assumption that a latent variable has a continuous 
structure (implicit in IRT) is much stronger and less plausible than the assumption 
that the variable has an ordinal structure (implicit in a DCM).2 This view provides 
some motivation for the approach described in the next section. We consider other 
pros and cons of taking a DCM-based approach rather than an IRT-based approach 
in the final section of the chapter.  

APPLYING THE ATTRIBUTE HIERARCHY METHOD TO OMC ITEMS 

Background on the AHM 

There has been an explosion in the development of DCMs for cognitive diagnostic 
assessment in the past decade.3 The pioneering work by Kikumi Tatsuoka, 
originating in the early 1980s, has inspired much of the interest in such models. 
Tatsuoka’s premise is fairly simple: the score derived from a set of items (i.e., θ in 
IRT) often obscures important diagnostic information about more fine-grained 
“attributes” that students use to solve problems within a given domain. To address 
this problem, Tatsuoka developed the idea of a Q matrix that allows for the formal 
specification of a hypothesized linking between attributes and items. Specification 
of a Q matrix makes it possible to generate expected item response patterns 
associated with specific knowledge states where these states are defined by the 
attributes that a student does or does not have. Given these expected response 
patterns and students’ actual response patterns, Tatsuoka developed the Rule 
Space Method as a pattern-matching technique for probabilistic diagnostic 
classification.  
 More recently, Leighton et al. (2004) introduced an extension of Tatsuoka’s 
Rule Space Method called the Attribute Hierarchy Method (AHM). The AHM 
takes as its starting point the assumption that the construct of measurement is 
comprised of finer-grained “attributes” that have an ordered, hierarchical 
relationship. The specification of this relationship precedes and guides the 
specification of a “reduced form” Qr matrix. While many DCM applications 
assume that all attributes are independent and/or non-hierarchical, in the AHM, a 
hierarchical dependence among attributes is central to the theory. In our view, this 
feature makes the AHM an appealing candidate for modeling learning 
progressions since learning progressions specify the hierarchical distinctions in 
student understanding as it becomes more sophisticated. Applications of the AHM 
to date have involved traditional multiple-choice items that are scored 
dichotomously (Gierl, Wang, & Zhou, 2008; Leighton et al., 2004). The 
application of the AHM to polytomously scored OMC items is a novel extension 
of this modeling approach. 
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 There are two stages to the AHM. In the first stage, an attribute hierarchy is 
specified based upon the construct of measurement. The attribute hierarchy is 
then used to characterize the cognitive features of items through a Qr matrix. 
This stage allows the generation of distinct expected item response patterns that 
characterize the pre-specified attribute combinations comprising the hierarchy. 
In the second stage, expected response patterns are compared to observed 
response patterns using either a parametric or a nonparametric statistical 
classification approach. The result is a set of probabilities that characterize the 
likelihood that a student with a given item response pattern has a level of 
understanding consistent with a hypothesized level in the attribute hierarchy. In 
addition to the calculation of these probabilities, one can also generate hierarchy 
fit indices and estimates of reliability at the attribute level. Next we illustrate the 
first stage of the AHM as it could map to the ESS learning progression and 
associated OMC items. We then illustrate the essence of the second stage and 
provide a hypothetical illustration of how the results from this stage could be 
used diagnostically.4 

Stage 1: Specifying a Learning Progression as an Attribute Hierarchy 

We begin by translating the qualitative descriptions that distinguish the levels of 
our existing ESS learning progression (Figure 1) into attributes that can be coded 
dichotomously as either present or absent in a student. 

A1: Student recognizes that objects in the sky move systematically.  

A2: Student knows that the Earth orbits the Sun, the Moon orbits the Earth, 
and the Earth rotates on its axis. 

A3: Student can coordinate apparent and actual motions of objects in sky. 

A4: Student can incorporate the motions of the Earth and Moon into a 
complete description of motion in the Solar System that explains the 
day/night cycle, phases of the Moon, and the seasons. 

The proper grain size of these attributes will always be a matter for debate. For 
example, the attribute A2 could easily be split into three smaller attributes. The 
more finely specified the attributes, the easier it is to code them as present or 
absent. However, the larger the number of attributes, the harder it is to distinguish 
them with a finite number of test items, and the more difficult it is to summarize 
them as a diagnostic assessment of student understanding. We return to this issue 
in the concluding section of the chapter.  
 Next we specify a hierarchy among these attributes. In this example, the 
hierarchy is fairly straightforward and mirrors the hierarchy implicit in the original 
ESS learning progression: A1  A2  A3  A4. These attributes are 
conjunctive—a student must possess an attribute lower in the hierarchy (e.g., A1) 
in order to possess a higher attribute (e.g., A4). The combinations of these four 
attributes may be used to define the levels of the ESS learning progression. 
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Level 1 = No attributes 

Level 2 = A1 

Level 3 = A1 & A2 

Level 4 = A1 & A2 & A3 

Level 5 = A1 & A2 & A3 & A4 

The simple attribute hierarchy above leads to the specification of two matrices. An 
“adjacency” matrix 

0 1 0 0
0 0 1 0
0 0 0 1
0 0 0 0

A =

 

and a “reachability” matrix 

1 1 1 1
0 1 1 1
0 0 1 1
0 0 0 1

R =

 

 The A matrix represents all the direct dependencies between attributes, where each 
row and column combination above the main diagonal represents a unique attribute 
combination. In this example, the first row of the matrix has the following 
interpretation: The knowledge that the Earth orbits the Sun, the Moon orbits the Earth, 
and the Earth rotates on its axis (A2, second column) depends directly on recognizing 
that objects in the sky move systematically (A1, first row). There is a similar 
interpretation for the other nonzero cells in the A matrix. The R matrix represents both 
direct and indirect dependencies. Hence row 1 of the R matrix indicates that attributes 
A2, A3, and A4 depend on attribute A1. For A2, the dependency is direct (as indicated 
in the A matrix); for attributes A3 and A4, the dependency is indirect. The A and R 
matrices can be manipulated using Boolean algebra to specify the “reduced” Q matrix 
Qr. In applications of the AHM with traditional multiple-choice items, a Qr matrix has 
dimensions a by I, where a represents the number of attributes, and I represents the 
number of items. Because OMC items are scored polytomously, the associated Qr 
matrix is considerably more complicated. For our set of items, there is a 4 attribute by 
55 item option matrix instead of a 4 attribute by 12 item matrix since each item-
specific option has a separate column (and items in this set contain four or five 
options). For ease of presentation, Table 2 shows an excerpt of the Qr matrix for the 
ESS OMC items using only items 2 and 3 from Figure 2.  
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Table 2. Excerpt of the Qr matrix Associated with ESS Attribute Hierarchy. 

 2A 2B 2C 2D 2E 3A 3B 3C 3D 3E 
A1 1 1 1 1 1 1 1 1 0 1 
A2 1 1 1 1 1 0 1 1 0 1 
A3 1 0 0 1 1 0 1 0 0 0 
A4 0 0 0 1 0 0 0 0 0 0 
Level 4 3 3 5 4 2 4 3 1 3 

Note. Columns represent OMC item options; rows represent hypothesized attributes that 
must be present for students to select each item option. The row and column labels, as well 
as the indication of the learning progression level corresponding to each item option, are 

included to make the matrix easier to interpret. 

 The interpretation of the Qr matrix for OMC item 2 (“Which is the best 
explanation for why we experience different seasons?”) option A (“The Earth’s orbit 
around the Sun makes us closer to the Sun in the summer and farther away in the 
winter.”) is as follows: In order to select this response option, a student should 
possess attributes A1, A2, and A3. However, attribute A4 is not a prerequisite for 
selecting option A. The columns for the other possible response options have similar 
interpretations. The presence of a “1” in a row indicates that the associated attribute 
is a prerequisite for the response; the presence of a “0” indicates an attribute that is 
not a prerequisite. The Qr matrix leads naturally to the specification of an expected 
response matrix for OMC items, where each row of the matrix represents the 
expected response to each OMC option for students with each conceivable attribute 
combination. Note that the expectation for the level associated with each item option 
depends upon the accuracy of the central hypothesis regarding the attribute structure 
and its relationship to items. Table 3 shows the excerpt from an expected item 
response matrix that corresponds to the Qr matrix in Table 2.  

Table 3. Excerpt from an Expected Response Matrix for ESS OMC Items. 

Hypothetical 
Student 

Expected Responses by Item 
[2] [3] 

Attributes 
[A1 A2 A3 A4] 

ESS 
Level 

1 1 1 1 1 1
5 5 5 5 5

  
  [ ]00010  0000  1 

2 1 1 1 1 1
5 5 5 5 5

  
  [ ]10000  1000 2 

3 1 10 002 2
  
   1 100 02 2

 
  1100 3 

4 1 10002 2
  
  [ ]01000  1110 4 

5 [ ]00010 [ ]01000  1111 5 

Note. The row and column labels and the last column (“ESS Level”) are included to make 
the matrix easier to interpret. 
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 The expected responses for OMC items 2 and 3 are given in brackets in the 
second column of Table 3. For example, consider a hypothetical student with a 
Level 1 understanding of ESS according to our learning progression. This 
student does not yet have attributes A1 through A4. Yet, for item 2, all possible 
response options require at least one of these attributes. Therefore, we may 
reasonably assume that the student will guess among the available response 
options; hence we insert a 1/5 for each expected response. (An alternative 
procedure is to assign the item options associated with fewer attributes—or 
lower levels of the learning progression—higher probabilities than those with 
more attributes.) In contrast, item 3 includes a response option (D) that requires 
no attributes. Hence the expected response string for this hypothetical student  
is [00010]. 
 Note that it is the combination of the attribute hierarchy (the A matrix) and the 
Qr matrix (Table 2) that are used to generate conditional expected item responses—
the student by item response combinations we expect to observe if the hypotheses 
underlying both the A and Qr matrices are true.  
 In this example, a strategy for modeling OMC items with floor effects, ceiling 
effects, and multiple options comes into clearer focus.  

• When the ability of a student is below that of the lowest available OMC option, 
assume that the student is guessing (e.g., expected response patterns of 
hypothetical students 1 and 2 for item 2). 

• When the ability of a student is above that of the highest available OMC option, 
assume that the student will choose the highest available option (e.g., expected 
response pattern of hypothetical student 5 for item 3). 

• When there are multiple options at a student’s level, assume the student has an 
equal chance of selecting either option (e.g., expected response patterns of 
hypothetical students 3 and 4 for item 2). 

Stage 2: Classifying Students Probabilistically into Attribute Profiles 

Establishing the expected item response matrix marks the culmination of the first 
stage of the AHM. In the second stage one must establish the criteria used to 
classify students into learning progression levels on the basis of their observed item 
response patterns. The purpose of this stage is to facilitate the probabilistic 
mapping of observed responses to the expected responses for students at each level 
of the ESS learning progression. A starting point is to simulate item responses for 
hypothetical students at each level of the learning progression (i.e., with each 
possible combination of attributes). We simulate data under the constraint that the 
learning progression is true in order to compare simulated responses with item 
responses from real students who are, of course, unlikely to give responses that 
perfectly match our initial hypothesis.  
 To illustrate the process of simulating such a dataset, suppose we wished to 
simulate item responses for N students, uniformly distributed across the five levels 
of the ESS progression. (Note that no assumption is made that students in actual 
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school settings are uniformly distributed across all five levels—our aim is to 
characterize all possible item response patterns that could, in theory, be observed.) 
The item responses that are expected for students at each level of the learning 
progression appear in the excerpt for an expected response matrix associated with 
items 2 and 3 in Table 3. We return to this example in the context of simulating 
item response vectors. By a “vector” we mean a sequence of item responses. For 
the test as a whole, each vector consists of a sequence of option choices for the 12 
items; in our example the sequence consists of only two items. 
 For item 2 (“Which is the best explanation for why we experience different 
seasons on Earth?”), we expect students who are at Level 5 of the learning 
progression to choose answer D, which is a Level 5 response. For item 3 
(“Which best describes the movement of the Earth, Sun, and Moon?”), we 
expect the Level 5 students to select the highest-level option (B). For these two 
items, the response vector we expect for all students at Level 5 is DB.5 We 
simulate this item response pattern for N/5 students in our dataset. For students 
at Level 4, there is a complication. For item 3, there is only one response option 
at Level 4 (B), but for item 2 there are two possible response options at Level 4 
(A and E). It follows that there are two equally plausible response vectors: AB 
and EB. Each vector must be simulated for half of the N/5 students generated at 
Level 4 in the dataset. Now consider students at Level 3. On both items 2 and 3 
there are two possible response options at Level 3. This means that four item 
response vectors are equally plausible: BC, BE, CC, CE. Each vector is 
simulated for one-fourth of the N/5 students generated at Level 3 in the dataset. 
Finally, for students at Levels 1 and 2, item 2 has no response options available 
at their levels. However, for item 3, there is one associated response option per 
learning progression level (option A is Level 2; option D is Level 1). In 
simulating item responses for these students, we assume that when their level of 
understanding is below the available response options, they will guess. Hence, 
for students at both Levels 1 and 2 there are five plausible item response 
vectors: AD, BD, CD, DD, ED for Level 1; AA, BA, CA, DA, EA for Level 2. 
Each vector is simulated for one-fifth of the N/5 students generated at Levels 1 
and 2 in the dataset. Table 4 summarizes the simulated data set that results from 
this process.  
 This example illustrates that the simulation of distinct item response vectors 
corresponding to each hypothesized learning progression level in the OMC 
context is more and more complicated with increases in (a) the number of items, 
(b) the complexity of the attribute structure, (c) the number of item floor effects, 
and (d) the number of items with multiple options linked to the same 
attributes/levels. The last column of Table 4 shows the total score when the 
scored item responses (learning progression levels) for each expected response 
vector are added. One can see from this that the total score could be a 
potentially misleading statistic if it were to be used for diagnostic classification, 
as it does not necessarily provide an accurate ranking of these simulated 
students in terms of the learning progression levels used to generate the 
simulated data. 
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Table 4. Simulated Dataset Based on Idealized Item Responses to Items 2 and 3. 

Distinct 
Item 
Response 
Vector 

Learning Progression 
Level (Attributes) 

Simulated 
Sample 
Size 

Plausible Item 
Response 
Vector 

Total Score 
(Item 2 Level + 
Item 3 Level) 

1 5 (A1 & A2 & A3 & A4) N/5 DB 9 
2 4 (A1 & A2 & A3) N/10 AB 8 
3 4 (A1 & A2 & A3) N/10 EB 8 
4 3 (A1 & A2) N/20 BC 6 
5 3 (A1 & A2) N/20 BE 6 
6 3 (A1 & A2) N/20 CC 6 
7 3 (A1 & A2) N/20 CE 6 
8 2 (A1) N/25 DA 7 
9 2 (A1) N/25 AA 6 
10 2 (A1) N/25 EA 6 
11 2 (A1) N/25 BA 5 
12 2 (A1) N/25 CA 5 
13 1 (None) N/25 DD 6 
14 1 (None) N/25 AD 5 
15 1 (None) N/25 ED 5 
16 1 (None) N/25 BD 4 
17 1 (None) N/25 CD 4 

 
 The step from simulating a dataset with deterministic item responses to using the 
information in this dataset as a basis for classifying the likelihood of attribute 
patterns associated with observed item response vectors can be rather complicated. 
Multiple approaches have been suggested (e.g., Gierl et al., 2008; Leighton et al., 
2004). While the details are outside the scope of this chapter, the basic idea can be 
explained by returning to the example of the two students we met previously, Liz 
and Andrew. If we consider only items 2 and 3, the observed response vector for Liz 
is AC (which is scored as a Level 4 and a Level 3 response), and the observed 
response vector for Andrew is BB (which is scored as a Level 3 and a Level 4 
response). Neither of these item response vectors is among those expected if the 
attribute hierarchy is true. If both students were actually at Level 3 of the learning 
progression (i.e., they have mastered attributes A1 and A2 but not A3 and A4), then 
(according to the model) they each chose one answer that constitutes an “error” in a 
positive direction. If both students were actually at Level 4 (i.e., they have mastered 
attributes A1, A2 and A3 but not A4), then (according to the model) they each chose 
one answer that constitutes error in a negative direction. To determine which 
scenario is more plausible, more information is needed about the overall 
probabilities that students will “slip” (give a response that is lower than expected) or 
“guess” (give a response that is higher than expected); analysis of the item response 
patterns for the complete sample of students would provide this information.  
 If, after comparing expected and observed response vectors, element by 
element, across all items and students, we find few matches between expected and 
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DISCUSSION 

In this chapter we illustrated a novel method for the psychometric modeling of 
OMC items. At heart, building any psychometric model is about comparing 
observed and expected student item responses. The process of delineating what is 
expected forces the developer of a learning progression to make some formal 
commitments about the appearance of more or less sophisticated expressions of 
conceptual understanding. In this chapter we described how this process might 
unfold when applying a specific DCM, the AHM.  
 One strength of the AHM is that it requires the developer of a learning 
progression to be very explicit about the specific elements of student 
understanding—the “attributes”—that change as a student progresses from naïve to 
sophisticated levels of understanding. This specification essentially involves 
breaking down level descriptors into a sequence of binary codes. Combinations of 
the binary codes define movement from one level to the next. This process 
generates a Qr matrix that formally maps assessment items to the specific attributes 
students are expected to have in order to answer each item correctly. Use of the 
AHM focuses attention on the link between hypothesized levels of a learning 
progression and the corresponding expectations for item response patterns.  
 In our application involving the OMC format, we noted the challenges presented 
by floor and ceiling effects and by multiple response options linked to the same 
learning progression level. Briggs et al. (2006) suggest two IRT-based approaches 
for the psychometric modeling of OMC items: the Ordered Partition Model 
(Wilson, 1992) and the Multiple-Choice Model (Thissen & Steinberg, 1997). It is 
still possible to take one of these approaches in stage 2 of the AHM after 
simulating a sample of expected item response vectors under the preliminary 
assumption that the specified attribute hierarchy is correct. In such a scenario, the 
AHM may be viewed as a complement to an IRT-based approach. However, this 
view negates one motivation (as noted earlier) for applying a DCM: There is no 
assumption of continuity for the construct of measurement. A different tactic for 
stage 2 of the AHM modeling approach is to view the activity as “pattern 
matching” and then to invoke a neural network approach or Tatsuoka’s Rule Space 
Method to classify students into learning progression levels. In this case, the AHM 
constitutes a genuine alternative to an IRT-based approach. 
 Because all DCMs (of which the AHM is a specific example) take a 
confirmatory modeling approach, the ability to evaluate model fit is critical. 
Although considerable progress has been made recently, indices of model fit (e.g., 
the HCI) and their interpretation are not yet well-established for DCMs. When a 
DCM produces output that suggests a low probability of classifying a student at 
any level of a learning progression, an important question arises concerning the fit 
of the student to the model, and vice versa. Qualitative investigation of these 
discrepancies is needed to advance our understanding of how students learn about 
scientific phenomena. In addition to internal evaluations of model fit, an 
alternative approach is to compare student classifications that result from more 
exploratory model specification. For example, Steedle and Shavelson (2009) used 
an exploratory modeling approach that did not begin with an a priori learning 
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progression hypothesis (i.e., an exploratory latent class model). In their case, the 
results showed diagnostic classifications with substantively different 
interpretations of what students appeared to know and could do compared to the 
results from a more confirmatory diagnostic model similar to the AHM.  
 A potential weakness of taking a DCM-based approach is that this class of models is 
intended for applications in which there is a desire for very fine-grained diagnoses and 
for which the attributes can be very precisely specified as “present” or “absent.” It is 
unclear whether such fine-grained specification is possible (or even desirable) for some 
learning progressions under development in science education. In general, the more 
qualitative and holistic the learning progression, the less amenable it is to a DCM-based 
approach. For example, we found that the force and motion learning progression 
(Alonzo & Steedle, 2009) is much harder to map using the AHM than is ESS learning 
progression described in this chapter. Taking an IRT-based approach is sometimes 
viewed as a solution to this problem because IRT is thought to provide for inferences at 
a larger grain size (since constructs are typically specified in terms of multiple 
attributes). However, it may be harder to defend the diagnoses that result from an IRT-
based approach after the continuum has been segmented through a process that may 
or may not follow from substantive theory (i.e., standard-setting panels).  
 Regardless of the approach chosen for the psychometric modeling of responses to 
an assessment item format such as OMC, the approach has to satisfy at least two 
criteria. First, the approach must facilitate diagnostic classifications according to an 
underlying learning progression. The classification should have formative utility for 
classroom instruction. Second, the approach must enable the developer of a learning 
progression to evaluate whether the initial hypothesis of the learning progression, and 
its instantiation using assessment items, can be supported empirically. Hence a 
program of study on the use of a DCM to model OMC items requires at least two 
distinct strands: one that depends upon the technical quality of the model specified 
(in part, through simulation work) and another that depends upon an examination of 
the extent to which stakeholders (e.g., teachers) use the diagnostic information the 
model provides. The evidence from these two strands of research will move the 
learning progression concept from a merely interesting idea to a validated idea. 
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NOTES 
1 The stem for item 7 was “A solar eclipse is possible because,” and the Level 4 response option was 

“The Sun is much bigger than the Moon and much further away from the Earth.” The Level 3 
response chosen more frequently was “The Moon is always closer to the Earth than the Sun is.” 

2 For detailed arguments in support of this perspective, see Michell (1990, 2008). 
3 For books, see Leighton and Gierl (2007); Tatsuoka (2009); Rupp et al. (2010). For an example of 

journal articles, see the special issue of the Journal of Educational Measurement co-edited by 
DiBello and Stout. (2007). For conference symposia, see the programs of the annual meeting of the 
National Council for Measurement in Education between the years 2007 and 2010. 

4 The actual implementation of the AHM with these OMC items is beyond the scope of this chapter. 
A forthcoming manuscript will address this topic. 

5 To make this presentation easier to follow, we have simplified matters by expressing the response to 
each OMC item in terms of the response choices A to E. For the underlying mathematical 
specification of the model, the actual response vector for “DB” is written in binary code as 
<[00010][01000]> as indicated in Table 3. 
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MARK WILSON 

RESPONDING TO A CHALLENGE THAT LEARNING 
PROGRESSIONS POSE TO MEASUREMENT 

PRACTICE 

Hypothesized Links between Dimensions of the Outcome Progression 

This chapter discusses an important challenge that is posed to measurement practice 
by the concept of a learning progression. In typical measurement practice, one 
concentrates on uni-dimensional constructs. If there are multiple dimensions, then 
multidimensional approaches are taken, such as factor analysis or multidimensional 
item response modeling. However, learning progressions often include not only 
multidimensional hypotheses but also the presence of “links” from one dimension to 
another. Responding to this challenge, in this chapter I (a) offer a description of how 
the BEAR Assessment System (BAS) can be seen as providing a sensible modeling 
approach for the uni-dimensional case (and, by straightforward extension, for 
multidimensional cases) and (b) discuss how this approach can then be expanded to 
respond to the challenge of hypothesized links between dimensions.  
 Thus the chapter first summarizes the elements of the BAS, emphasizing the 
central concept of a construct map, and describes how the idea of a construct map can 
be helpful in the context of a uni-dimensional learning progression. The chapter then 
focuses on some of the more complex ways to see the relationship between a set of 
construct maps and a learning progression (see Wilson, 2009, for a more complete 
set). Here the chapter uses an example based on the Molecular Theory of Matter in 
middle school science. This provides the context for a discussion of how a structural 
equation model (SEM) can be useful for modeling a learning progression and also 
introduces the structured constructs model (SCM) that goes further than a SEM in 
modeling aspects of a learning progression. The chapter then discusses some 
strengths and limitations of this conceptualization and suggests further elaborations. 
In this chapter, the manner in which the measurement approach supports the learning 
progression is referred to as the outcome progression for the learning progression. 

LEARNING PROGRESSIONS: CHALLENGES TO ASSESSMENT 

At a recent meeting of researchers working on the topic of learning progressions, the 
following broad description was suggested by a group consensus:  

Learning progressions are descriptions of the successively more sophisticated 
ways of thinking about an important domain of knowledge and practice that 
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can follow one another as children learn about and investigate a topic over a 
broad span of time. They are crucially dependent on instructional practices if 
they are to occur. (Corcoran, Mosher, & Rogat, 2009, p. 37) 

The description is deliberately broad, allowing a wide possibility of usage, but, at 
the same time, it is intended to reserve the term to mean something more than 
just an ordered set of ideas, curriculum pieces, or instructional events. As well, 
the group saw it as a requirement that the learning progression should indeed 
describe the “progress” through a series of levels of sophistication in the 
student’s thinking. At the same time, the learning progression should still be 
broad enough to allow for complications such as non-linearity in the ordering and 
the possibility that the order of levels might differ for different subgroups of 
students.  
 Although the idea of a learning progression has links to many older and 
venerable ideas in education, the history of the specific term “learning 
progression” in the context of science education is a relatively brief one 
(Corcoran et al., 2009), starting with the publication of Systems for State 
Science Assessment (National Research Council [NRC], 2006). That report was 
focused on assessment in K-12 education, and hence the connections between 
learning progressions and assessment have been there right from the start. A 
second NRC (2007) report, Taking Science to School, also featured the concept 
of learning progressions, highlighting classroom applications. Several 
assessment initiatives and perspectives are discussed in these reports, including 
references to the seminal NRC (2001) report Knowing What Students Know. 
Among the assessment programs highlighted there, probably the most prominent 
are the work on progress variables by the Australian researcher Geoff Masters 
and his colleagues (e.g., Masters, Adams, & Wilson, 1990; Masters & Forster, 
1996) and the closely-related work on the somewhat more elaborated BAS 
(Wilson, 2005; Wilson & Sloane, 2000). In this chapter I draw on the latter as 
the core set of assessment perspectives and practices to relate to learning 
progressions. 
 It has been pointed out (R. Lehrer, personal communication, October 2010) that 
there are at least three aspects of the idea of a learning progression that one ought 
to keep in mind: (a) the developmental aspects, which have to do with the changes 
in students’ understandings as they pass through the learning progression; (b) the 
instructional aspects, which have to do with the pedagogic activities and 
environment that are designed to further that progression; and (c) the outcome 
aspects, which have to do with how one knows where a student is located along the 
progression at any particular moment in time. In keeping with this set of 
distinctions, I will refer to the object of scrutiny in this chapter as the “outcome 
progression,” whereby I focus on these outcomes without forgetting that the 
outcomes only make sense when one takes into account an underlying idea of 
student development and an accompanying pattern of instruction that might bring 
about student progress along the learning progression. 
 From the definition of an outcome progression above, one can see the challenge 
to measurement methods and practices that come from the idea of a set of 
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“successively more sophisticated ways of thinking.” First, for simplicity, assume 
that there is just one such fully-ordered set of these ways of thinking. In this case, 
the challenge is to relate the underlying construct to the description of these ways 
of thinking. What is needed is a way to “bootstrap” the resulting measures back to 
the qualitative features of the cognitive structure through the observed 
characteristics of the students’ responses to the tasks or other data-generating 
methods. The BAS (described in some detail below) provides one approach to this 
simple uni-dimensional version of an outcome progression. However, it may be too 
simplistic to assume a complete ordering of the ways of thinking. The topic of the 
outcome progression may involve sub-concepts, or sub-dimensions, each of which 
has its own ordering. In addition, the sub-dimensions may have complex 
relationships with one another, or links from one level of one dimension to a level 
of another dimension. Thus, in the second half of the chapter, the ideas embodied 
in the BAS are extended to respond to this challenge. 

THE BEAR ASSESSMENT SYSTEM (BAS) 

The BAS is based on the idea that good assessment addresses the need for sound 
measurement through four principles: (1) a developmental perspective; (2) a match 
between instruction and assessment; (3) the generation of quality evidence; and (4) 
management by instructors to allow appropriate feedback, feed forward, and 
follow-up. These four principles, plus four building blocks that embody them, are 
shown in Figure 1. Below I take up each of these principles and building blocks in 
turn. See Wilson (2005) for a detailed account of an instrument development 
process that works through these steps. Note that the place of the curriculum is 
quite prominent in these four building blocks: (1) the construct map will 
necessarily be shared by the curriculum and the assessment; (2) the contexts and 
styles of the assessments should relate to the contexts and styles of the curriculum; 
(3) the evidence for validity and reliability of the assessments will be gathered in 
the context of one or more specific curricula; and (4) the professional development 
to support teachers’ use of the curriculum and the assessments would necessarily 
have common elements.  
 While discussing all four building blocks, this section highlights the first 
building block—the construct map—and one potential relationship with the idea 
of an outcome progression. I have labeled this as the assessment structure. It 
might seem a waste of time to describe all four building blocks when only the 
first is used in the rest of the chapter; the concern, however, is that unless the 
place of the construct map in the entire BAS approach is understood, its 
relevance and importance in the following discussion would be misunderstood. 
At relevant points in the discussion, issues concerning the items, the outcome 
space, and the measurement model are also mentioned. But the main focus of 
this chapter is on the conceptual relationship between the construct map and an 
outcome progression; hence, these other matters, although they are of  
great importance for any actual realization of a construct map, are not fully 
explored. 
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thought-out and researched ordering of qualitatively different levels of 
performance, focusing on one characteristic, such as, say, conceptual 
understanding of floating and sinking (Kennedy & Wilson, 2007). Thus a 
construct map defines what is to be measured or assessed in terms general enough 
to be interpretable within a curriculum, and potentially across curricula, but 
specific enough to guide the development of the other components of the BAS 
(which are described below). When instructional practices are linked to the 
construct map, the construct map also indicates the aims of teaching. Construct 
maps are one model of how assessments can be integrated with instruction and 
accountability systems. They provide a way for large-scale assessments to be 
linked in a principled way to what students are learning in classrooms, while at 
least having the potential to remain independent of the content of a specific 
curriculum. In the simplest case, a uni-dimensional outcome progression can be 
thought of as a construct map.  
 This approach assumes that student performance can be traced over the course 
of a given curriculum, facilitating a developmental perspective on student learning. 
Assessing the growth of students’ understanding of particular concepts and skills 
requires a model of how student learning develops over a certain period of 
(instructional) time. A growth perspective helps one to move away from “one shot” 
testing situations and cross-sectional approaches to defining student performance 
toward an approach that focuses on the process of learning and on an individual’s 
progress through that process. Clear definitions of what students are expected to 
learn and a theoretical framework for how that learning is expected to unfold as the 
student progresses through the instructional material (i.e., in terms of learning 
performances) are necessary to establish the construct validity of an assessment 
system.  
 The idea of using construct maps as the basis for assessments offers the 
possibility of gaining significant efficiency in assessment. Although each new 
curriculum prides itself on bringing something new to the subject matter, in truth, 
most curricula are composed of a common stock of content. And, as the 
influence of national and state standards increases, emphasis on common content 
is likely to increase. Thus we might expect innovative curricula to have one or 
perhaps even two constructs that do not overlap with typical curricula, but the 
remainder will form a fairly stable set of constructs that will be common across 
many curricula.  
 Construct maps are derived in part from research into the underlying cognitive 
structure of the domain and in part from professional judgments about what 
constitutes higher and lower levels of performance or competence. These maps 
are also informed by empirical research on how students respond to instruction or 
perform in practice (NRC, 2001). To more clearly understand what a construct 
map is, consider a construct map that focuses in particular on earth science 
knowledge in the area of Earth in the Solar System (ESS; Briggs, Alonzo, 
Schwab, & Wilson, 2006). The standards and benchmarks for ESS appear in 
Appendix A of the Briggs et al. (2006) article. According to these standards, by 
the eighth grade, students are expected to understand three different phenomena 
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within the ESS domain—(1) the day/night cycle, (2) the phases of the Moon,  
and (3) the seasons—in terms of the motion of objects in the Solar System. A 
complete scientific understanding of these three phenomena is the top level of 
the construct map. In order to define the lower levels of the construct map, 
Briggs and his colleagues reviewed the literature on student misconceptions with 
respect to ESS. Documented student misconceptions with respect to the 
day/night cycle, the phases of the Moon, and the seasons are displayed in 
Appendix A of the Briggs et al. (2006) article. 
 In this work, the goal was to create a single continuum that could be used to 
describe typical students’ understanding of the three phenomena within the ESS 
domain. In contrast, much of the existing literature documents students’ 
understandings about a particular ESS phenomenon without making connections 
between understandings of related ESS phenomena. By examining student 
conceptions across the three phenomena and building on the progressions 
described by Vosniadou and Brewer (1994) and Baxter (1995), Briggs and his 
colleagues initially established a general outline of the construct map for student 
understanding of ESS. This general description helped them impose at least a 
partial order on the variety of student ideas represented in the literature. However, 
the levels were not fully defined until typical student thinking at each level could 
be specified. This typical student understanding is represented in the ESS construct 
map shown in Figure 2 (a) by general descriptions of what the student understands 
and (b) by limitations to that thinking in the form of misconceptions, labeled as 
“common errors,” that help to clarify the difference between levels. Common 
errors in one level are resolved in the next level of the construct map. For example, 
students at Level 3 think that it gets dark at night because the Earth goes around the 
Sun once a day—a common error for Level 3—while students at Level 4 no longer 
believe that the Earth orbits the Sun daily but rather understand that this occurs on 
an annual basis. 
 The top level of the ESS construct map represents the understanding expected of 
eighth graders by national standards documents. Because students’ understanding 
of ESS develops over several years of science instruction, it was important that the 
same continuum be used to describe the understandings of both fifth and eighth 
grade students. However, the top level is not expected of fifth graders; equally, we 
do not expect many eighth grade students to fall into the lowest levels of the 
continuum. Note that although the account of ESS given above might seem quite 
simple and straightforward, it is in fact the result of over two years of work, going 
well beyond the literature review mentioned above and including feedback from 
the next three building blocks, as described below, through several iterations as 
new waves of data were collected. 
 The main thrust of this chapter is to postulate a family of statistical models 
that can capture the relationship (or, rather, potential relationships) between 
multiple construct maps and an outcome progression. In order to help the reader 
see that the concept of a construct map (or its equivalent) is central to the 
successful development of assessments, I include below a description of the other 
parts of the BAS.  
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Principle 2: Match between Instruction and Assessment 

So far, the main motivation for construct maps has been to provide a common 
framework for assessments and curricula and a method of making measurement 
possible. However, this second principle makes clear that the framework for 
assessments and the framework for curriculum and instruction must be one and the 
same since the connection must go beyond just the common basis and must extend to 
common contexts and styles that are involved in instruction.  
 Building block 2: The items design. The items design governs the match 
between instruction and various types of assessment. Note that the grain-size of 
“instruction” may vary from context to context, from specific classroom 
practices in a curriculum to broad specifications of local or state curricula in 
“standards” documents—the ESS example is more in line with the latter. The 
critical element to ensure the match between instruction and assessment in the 
BAS is that each assessment task and typical student responses are matched to 
levels of a construct map.  
 Returning to the ESS example, the items designed to test student 
understanding with respect to the construct map are distinctive, as they  
are Ordered Multiple-Choice (OMC) items, which attempt to use the cognitive 
differences built into the options to make for more valid and reliable 
measurement (Briggs et al., 2006). Following the BAS principles, OMC items 
were written as a function of the underlying construct map, which is central to 
both the design and interpretation of the OMC items. Item prompts were 
determined by both the domain, as defined in the construct map, and canonical 
questions (i.e., those that are cited in standards documents and commonly used in 
research and assessment contexts). In this instance, the instruction is somewhat 
distal, as it is mainly expressed through curriculum documents (i.e., standards) 
rather than instructional documents. The ESS construct map focuses on students’ 
understanding of the motion of objects in the Solar System and explanations for 
observable phenomena (e.g., the day/night cycle, the phases of the Moon, and the 
seasons) in terms of this motion. Therefore, the ESS OMC item prompts focus on 
students’ understanding of the motion of objects in the Solar System and the 
associated observable phenomena. Distractors were written to represent (a) 
different levels of the construct map, based upon the description of both 
understandings and common errors expected of a student at a given level, and (b) 
student responses that were observed from open-ended versions of the items. 
Two sample OMC items, showing the correspondence between response options 
and levels of the construct map, are shown in Figure 3. Each item response 
option is linked to a specific level of the construct map. Thus, instead of 
gathering information solely related to student understanding of the specific 
context described in the question, OMC items allow us to link student answers to 
the larger ESS domain represented in the construct map. Taken together, a 
student’s responses to a set of OMC items permit an estimate of the student’s 
level of understanding and provide diagnostic information about the student’s 
understanding of a specific phenomenon.  
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(such as those shown in Figure 3). Empirical evidence was then used to revise 
these options during pilot- and field-testing.  

Principle 4: Evidence of High Quality Assessment 

Technical issues of reliability and validity, fairness, consistency, and bias can quickly 
sink any attempt to measure student performance with respect to a construct map, or 
even to develop a reasonable framework that can be supported by evidence. To 
ensure comparability of results across time and context, procedures are needed to: (a) 
examine the coherence of information gathered using different formats; (b) map 
student performances onto the construct map; (c) describe the elements of the 
accountability system—tasks and raters; and (d) establish uniform levels of system 
functioning, in terms of quality control indices such as reliability. Two ways that 
these procedures could be embodied in a measurement model are: (a) through a latent 
continuum (i.e., by placing cuts along the continuum to represent different levels of 
the construct) and (b) through an ordered set of latent classes. A latent continuum 
does not directly embody the ordering of the construct map levels explicitly as part of 
the parametric structure of the model—the ordering is developed in a second step, 
where segments of the continuum are labeled as indicating levels of the construct. 
This is the approach typically used in the BAS, which utilizes a Rasch-family item 
response modeling framework (Wilson, 2005) that parameterizes the item difficulty 
and the person ability in a way that allows one to report results using a visual 
representation known as the Wright map (see below). However, one might want to 
explicitly embody the levels in a model (NRC, 2001), and this could be realized 
through an ordered latent class approach (e.g., Vermunt & Magidson, 2008). 
 Building block 4: Visual representation of empirical results—Wright maps. 
Wright maps are one form of visual representation of the results of an estimation of 
item and person parameters; thus they represent this principle of evidence of high 
quality. Note that the maps represent this principle but do not themselves achieve 
it—there still remains the accumulation and documentation of validity and 
reliability evidence (as described, say, in Chapters 7 and 8 of Wilson’s 2005 book). 
Wright maps can be used to show how the construct unfolds or evolves in terms of 
increasingly sophisticated student performances. For example, consider the 
hypothetical Wright Map shown in Figure 4. The Xs on the left side of the vertical 
line show the students’ locations (as a histogram on its side). The numbers from 0 
to 5 in the first five columns on the right side show the thresholds3 for the multiple-
choice options (labeled by their respective construct levels) for specific items. The 
Roman numerals on the far right show regions of the continuum relating to each 
construct level: these have been set in a post-estimation step to enclose the 
thresholds for the items.4 These regions are thus a technical representation of the 
empirical results regarding the levels of the construct. The ordering, and even the 
ability to identify these regions, constitutes evidence for internal structural validity 
of the hypotheses set up in the construct map (Wilson, 2005, Chapter 7). The 
regions are not themselves parametrically represented in the statistical models used 
to estimate the person and item locations shown in the Wright maps. 
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MAPPING OUT AN OUTCOME PROGRESSION USING CONSTRUCT MAPS 

In the previous sections of this chapter, there was an implicit assumption that the 
relationship between the construct map and the outcome progression is one-to-one; 
in other words, the assumption that a single construct map adequately summarizes 
the outcome progression. However, the single construct map may have a certain 
degree of complexity, such as was illustrated by the ESS example  
(Figure 2), where levels of the construct map are divided into separate sub-
categories for different misconceptions.  
 In addition, an outcome progression may be comprised of multiple construct 
maps, such that the relationship between construct maps and an outcome 
progression can be quite a bit more complex. (See Wilson, 2008, and Wilson, 
2009, for examples of relationships between the construct maps and the outcome 
progression beyond those discussed here.) For instance, there could be an 
assumption that certain constructs lead to one construct rather than to another. 
This could be illustrated as in Figure 5. Here, the attainment of levels of a 
construct would be seen as dependent on the attainment of specific “precursor” 
constructs. An example of such thinking, this time in the case of the Molecular 
Theory of Matter for the middle school level—under development with Paul 
Black of King’s College, London—is shown in Figure 6 (Wilson & Black, 2007). 
In this example, each box can be thought of as a construct map, and the 
relationship between them is specified by arrows. In particular, the Density and 
Measurement and Data Handling constructs provide important resources for the 
main series of constructs: Properties of Objects, Properties of Atoms and 
Molecules, Conservation and Change, and Molecular Theory of Macro Properties.  
 A more complicated way of seeing the relationship between construct maps is 
shown in Figure 7, where there are links hypothesized between specific levels of 
one construct and specific levels of other constructs (rather than the “top to 
bottom” relationships shown in Figure 5). An example of such a diagram, showing 
a finer grain of connections, is shown in Figure 8 for the Molecular Theory of 
Matter outcome progression. Note, for example, that there is a hypothesized link 
from the upper level of Properties of Atoms and Molecules to the middle level of 
Molecular Theory of Macro Properties. There is also a hypothesized link from the 
lower level of Properties of Objects to the upper level of Conservation and Change. 
These hypotheses about links are based on the research literature and also on 
professional judgment. 

STRUCTURED CONSTRUCTS MODELS (SCMS) 

 With respect to the measurement models that one would use to model the data 
arising from assessments based on the construct map structures described above, a 
great deal will depend on the nature of the construct maps and the hypothesized 
links among them. Statistically speaking, the most common frameworks are 
essentially comprised of correlated dimensions, so that a multidimensional item 
response model (Adams et al., 1997) would be suitable. However, the approach in 
Figure 5 would constitute a variant of structural equation models (SEMs5: see  
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 One way to mathematically represent this would be to see each of these two 
levels of the two different construct maps as one of a series of ordered latent 
classes (i.e., the levels) for each construct, where the regression relationship relates 
to the probability of a person being in the two specific latent classes—i.e., being in 
one level of the first construct (Density) makes it more likely that a person would 
be in a particular level of the second construct (MTMP). This is illustrated in 
Figure 9, where the small ovals represent the successive levels of each construct 
and the specific link is from level j of the first construct to level k of the second. 
(Of course, there could be more such links, but I will illustrate with just one.) I will 
call models, such as the example in Figure 9, with (a) more than one set of ordered 
latent classes (i.e., more than one construct map) and (b) hypothesized links 
between certain of the latent classes across those sets, structured constructs models 
(SCMs). See Appendix B for one way to specify a SCM using a statistical equation 
approach. 
 The first difference from the simple construct map formulation is that the 
underlying model for each construct is seen as a series of latent classes rather than 
as a continuum. The reason for the choice of a latent class approach in this case is 
that it allows qualitative a priori specification of hypothesized links between levels 
of different constructs. It is not clear to me how to achieve this in a latent 
continuum approach.  
 The estimation of a simple ordered latent class model for each of the constructs 
(Density and MTMP) without the link from j to k is quite straightforward and has 
been described in the literature already; it is simply a double case of ordered latent 
class models (e.g., Mokken, 1971; Mokken & Lewis, 1982). I will label this as the 
“BASE” model. However, the extra link adds complexity in that the link could be 
expressed in several different ways. For example, the probability of being at level k 
of MTMP could be modeled as a known function (i.e., a function of known form 
with certain parameters to be estimated) of the probability of being at level j of 
Density (as in Equation 1 of Appendix B). This relationship, once postulated, and, 
if estimated to be non-null, would, in turn, affect the estimation of the parameters 
of the standard latent class model estimated without the hypothesized link between 
j and k. This new model, the SCM, would fit the sample data to an extent different 
from that of the BASE model, and this difference in fit could then be used as the 
basis for an evaluation of the two models.6 If there is no statistically significant 
difference, one could conclude that the j-to-k link was not implied by the data; 
conversely, a statistically significant difference would indicate that such a link is 
implied by the data. Of course, one would also need to develop an index of the 
effect-size of that link. This approach allows one to develop ways to test aspects of 
the fit of the postulated outcome progression to a data set that one has collected. 
However, if there are many hypothesized links, then testing each one as a direct 
model-to-model comparison can be time consuming and laborious; in addition, the 
order in which the models should be tested can be unclear (analogous to an issue 
that arises in testing effects in multiple linear regression). Other formulations are 
possible, such as postulating a relationship between the underlying latent class 
parameters for level k of MTMP and level j of Density. This would also facilitate 
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the use of a simple test of these link parameters by seeing if their confidence 
intervals included 0.0, thus avoiding the problem of the ordering of the different 
models. 
 In the account so far, I have not specified how the observations of item 
responses would be related to the ordered latent classes. This would be described 
within a SCM by a function involving (at least one) parameter βis that would 
control the probability of a person giving a certain response to item i, given 
membership in latent class s of a given construct, such as the Density or MTMP 
construct. Constraints among these parameters might also be used to describe the 
hypotheses that one might have about the relationship between the latent classes 
and the levels of response to the items, such as the possibility of “guessing,” or 
“slippage” that might occur at levels above or below the person’s estimated 
location. That is, a person at level j might still respond to an item as though he or 
she were at a higher level (“guessing”) or at a lower level (“slippage”). When these 
relationships, along with the relationships linking levels of the construct maps, are 
fully specified, then the SCM can be written in a form that is a special case of a 
Generalized Linear Mixed Model (GLMM; Breslow & Clayton, 1993) and 
estimated in a number of ways (see Appendix B).  
 Note that the result from such an estimation will be a set of probabilities for 
each combination of person and ordered latent class (i.e., level). Even though the 
fundamental assumption is that each person is in just one level, we still get 
probabilities that express how much we believe they belong to each level. This will 
allow a visual representation that is analogous to the Wright Map mentioned above 
but that does not have the same metric properties as that representation since there 
is no analogy here of distance along the map to probability of answering an item 
correctly. The discrete nature of the latent classes do not allow such an 
interpretation. Instead, the classes are simply ordered as in the left side of Figure 9. 
Thus the SCM map will look far more like the construct map itself, so long as there 
was no evidence in the results that the construct map should be changed. 
 These results can be useful not only in identifying people who are clearly at a 
specific level but also people whose responses show them to be “misfitting” the 
model (in a way that is quite parallel to the use of “fit” and “misfit” in item 
response modeling). Thus there may be people who are roughly split between two 
levels, and there may be people who seem to have no strong tendency for a single 
level. Of course, when there are large numbers of such people who misfit, then we 
would consider that the misfit information was not just informative about those 
individuals but might also be informative about the specified model. This could 
lead to alterations in the construct map and/or the SCM, depending upon the 
specific patterns of misfit. 

DISCUSSION AND CONCLUSION 

 In this chapter I have tried to outline a measurement response to the challenge 
posed by the complexity of the concept of an outcome progression. This has been 
done from a particular perspective, that of the construct map that forms the heart of 
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the BAS. I make no excuses about this focus because, as discussed in Wilson 
(2009), even taking such a particularistic view, there are a great many ways that the 
construct map concept could be deployed to give structure and form to assessments 
to support an outcome progression. Other measurement approaches could also be 
used, but these would require separate development in separate papers. Laying out 
these possibilities is helpful to thinking about the possible issues and limitations of 
each approach.  
 One interesting question is whether the proposed SCM formulation is indeed a 
step forward from the venerable SEM approach. Indeed, it would be interesting to 
compare the results from the two modeling approaches. This could not be done in a 
technically precise manner within the classical SEM framework, in which the 
modeling is based on the variance-covariance matrix, but it could be carried out in 
an approximately similar way using a full item response modeling approach as is 
available in gllamm (Rabe-Hesketh, Pickles, & Skrondal, 2001) or in M-PLUS 
(Muthén, & Muthén, 1998-2007) software. Under these circumstances, the SEM 
solution would provide a robust “baseline” model for the SCM, allowing one to 
assess the value added by the preciseness of the level-to-level hypothesized links as 
compared to the more relaxed variable-to-variable links in the SEM approach. A 
SEM solution could also be seen as a precursor to a more fine-grained SCM 
solution, allowing for rapid estimations, and (perhaps) pilot work done on smaller 
samples. Thus the two approaches could have complementary purposes. 
 The ideas about SCMs that have been presented here can be extended to other 
complexities of the assessment context. Clearly, the simple SCM described above, 
involving a single connection between two constructs, can be extended to multiple 
connections and more constructs. Integration of SCM and SEM types of models 
would allow one to entertain the possibility that some constructs are composed of 
(ordered) latent classes while, at the same time, others are composed of continua. A 
more subtle extension would entertain the idea that some constructs could be better 
represented as simultaneously both class-like and continuum-like. One way to 
interpret that would be to see that the latent classes represented in Figure 9 could, 
in addition to the current conception, be arrayed along a continuum so that the 
“distance” between them becomes meaningful in a probabilistic sense. This goes 
beyond the current conception, in which the latent-class representation of the levels 
means there is no concept of relative distance between each of the successive 
levels. Similar possibilities have been considered in related domains, such as in the 
modeling of stage-like development, where specific models such as the Saltus 
model have been developed and applied in areas such as Piagetian studies (Wilson, 
1989; Draney & Wilson, 2007). The development of the SCM, as shown in 
Appendix B (Equations 1 through 6), has been undertaken explicitly with the 
intention of making the extensions described in this paragraph. 
 Although the example SCM that is discussed in this chapter is (intentionally) a 
very simple one, it is possible to imagine a great many possible ways that construct 
maps could be deployed to support learning progressions with more complex 
outcome progression structures, including those that encompass multiple construct 
maps with detailed connections between levels. This flexibility is important since 
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one would not want to have the potential usefulness of a learning progression 
constrained by the underlying conceptualization of construct maps.  
 It is also clear that there are some important decisions that will need to be made 
when designing a SCM appropriate to a given assessment structure (i.e., to the 
structure of a particular outcome progression). Being aware of the range of 
possibilities described here, as well as possibilities beyond these (some of which 
were briefly mentioned above), will help the developers of a learning progression 
consider the form they want their outcome progression to take, and, especially, 
how they will relate it to the assessments they will use. Considering whether one 
would prefer an assessment structure that is best thought of as a multidimensional 
item response model, as an SCM, or as something in-between, will be an important 
step in developing a new learning progression or in modifying an existing one. 
 These choices will also have important ramifications for the other building 
blocks, including the items design and the outcome space. This chapter has really 
just scratched the surface of an important aspect of the application of measurement 
ideas in science education in particular, and, potentially, across the whole range of 
educational achievement. Uni-dimensional and, more recently multidimensional, 
item response models have been a mainstay of measurement in educational 
achievement domains. Seeing how these models can be extended into the complex 
areas allowed by SEM-like approaches, and the more subtle SCM approaches 
described above, will be an interesting and challenging task in the future. 

NOTES 
1 The second item has been revised from the original for use in ongoing work on the ESS construct 

map (as reported in Briggs & Alonzo, 2009). 
2 Other educational professionals may also use the assessments—we emphasize teachers’ roles since 

we see them as the main users of the assessments. 
3 The threshold for level k, say, is the point where a student is 50% likely to respond at level k or 

below (and equivalently, not to level k+1 or above). 
4 I am skipping over quite a lot of detail here (e.g., how the segment boundaries are set–—see, for 

instance, Kennedy and Wilson, 2007). In the process of setting the boundaries, many complications 
may arise—the levels may come out in a different order from that predicted, or the boundaries may 
be too confused to be readily “set”—but, for illustrative purposes, none of that is shown here. 

5 For those not familiar with structural equation models, see a very brief conceptual introduction to 
this topic in Appendix A. 

6 Specifically, because the two models differ only in that the SCM model has the parameters needed 
to formulate the j-to-k link, the BASE model is formally a special case of the SCM model; it is the 
SCM model with those parameters set to make the link non-active. Thus a likelihood ratio test could 
be performed. 
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 In interpreting the graphical representation of a SEM, it is important to realize 
that it is the arrows that are not shown that represent the strongest assumptions—
for those arrows, the assumption is that there is no causal relation between the 
variables. 
 Comparing Figure A1 with Figure 4, we can see that the arrows and boxes are 
being used in analogous ways. Note that, in order to simplify the diagrams, the 
figures in this chapter depict only the variables in the hypothesized models. The 
items that would be used to measure the variables are not depicted, although, 
indeed, in practice, they would be needed also. 
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APPENDIX B 

Development of the Structured Constructs Model (SCM) 

To write the situation illustrated in Figure 9 as an equation, consider each of the 
constructs as represented by an ordered set of latent classes (corresponding to the 
levels of the construct map for each). We will label the Density construct by  and 
the MTMP construct by . Then the ordered sets of latent classes are { 1, 2, 
… R} (where the levels are indexed by r from 1 to R) for the first (predictor) 
construct, and {η1, η2 , … ηD} (where the levels are indexed by d from 1 to D) for 
the second (criterion) construct. The individual student n is characterized by an 
indicator vector for group membership in each construct 

~
n and 

~
.n  For the R 

potential person groups the indicator vector for the first construct is n  = ( nl, . . . , 
nR), where nr takes the value of 1 if the person n is in group r and 0 if not, and 

similarly for the second construct. The model assumes that each person belongs to 
one and only one  group and one and only one  group; thus, only one of the 

nr and only one of the nd is theoretically nonzero. Consistent with the term 
“latent,” the values of neither 

~
n nor 

~
n  are observable. 

 Then the link between two specific levels, say j and k, of the first and second 
constructs, respectively, is given by an equation of the form: 

 nj jk nkPr( 1) (Pr( 1)).f  (1) 

 The function fjk may take a variety of forms, the simplest being a linear 
relationship. I will use F to designate the entire set of possible functions fjk; in this 
simple case, only one is not null. This is what I call a structured constructs model 
(SCM). There could be many ways to hypothesize more complex versions of this 
type of model, but I will stick to the simple example in Figure 9 for now.  
 What is not yet clear is how the observations of item responses relate to these 
constructs. Suppose that we have polytomous item responses Xi and Yh that relate 
to the first and second constructs respectively, where i=1, 2…I, and h=1, 2,…H. 
Note that, in terms of scoring, any one item (indexed i or h) may be sensitive to a 
subset of the levels for its respective construct (i.e., a subset of the levels 1 to R 
for  and a subset of the levels 1 to D for ), but for simplicity, we assume that 
each item is sensitive to all possible latent classes of its construct. Of course, there 
could be more complex situations, where there are, for example, item bundles that 
relate to both constructs, but, again, I will stick to this simple formulation. (Note 
that I am not illustrating the relationship of the items to the constructs, as is 
commonly done in psychometric structural diagrams—this would make Figure 9 
much more complicated.) 
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 The probability of person n responding at level r of item i related to the first 
construct is given as: 

1

~

1 1

exp
| 1, ,

exp

r

is
s

nir nir nk i H t

is
t s

P X x
 (2) 

where ι is a vector of latent class parameters, specific to item i, governing the 
allocation of persons to classes within the first construct . Similarly, the 
probability of person n responding at level d of item h for the second construct is 
given as: 

1

~

1 1

exp
| 1, ,

exp

d

hs
s

nhd nhd nh i D d

hs
d s

P Y y
 (3) 

where h is the corresponding set of parameters, specific to item h, for the second 
construct. In Equations 2 and 3, the index s is a dummy index, used just to count 
the classes. 
 Note that the parameters in the vector of latent class parameters  

~
i =( i1,… is,…,  iR) have specific interpretations. Assuming that nk=1 (i.e., 

person n is indeed in level k), then, for s = k, is ik) governs the probability 
that a person at level k will indeed give a response to item i that is also in level k. 
For s>k, is governs the probability that a person at level k will give a response to 
item i that is above level k. This might be interpreted as “guessing,” which is how 
it is usually labeled in other latent class models—e.g., NIDA (Maris, 1999), DINA 
(Junker & Sijtsma, 2001), Fusion (Roussos et al., 2007). Similarly, for s<k, is 
governs the probability that a person at level k will give a response to item i that is 
below level k. This is called “slipping” in other latent class models. 
 Under some circumstances, it may be that the is parameters could be 
constrained in ways that correspond to the circumstances. For example, some 
researchers might postulate that there is no possibility for persons to respond at a 
higher level than k (i.e., “guessing” is absent). Then for s>k, one might set is = 
0.0 or is = cg, where cg is a value corresponding to a very small probability. This 
might then be modified such that this restriction applies for just the levels that are 
at least two above k, etc. Similarly for “slippage,” one might set is = cs, where cs 
is a value corresponding to a very small probability (setting is = 0.0 would seem 
to be less sensible here). Another circumstance might occur where the items are 
sufficiently similar that it would make sense to constrain the is parameters (other 
than ik) to be constant across items: i.e., is = i, for s≠k. Under certain 
circumstances, it might make sense to constrain the parameters to be symmetric 
about s=k, although that seems unlikely in a cognitive context where “slippage” is 
seldom symmetric with “guessing.” 
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 Specification of a SCM such as that described above can be expressed under a 
Generalized Linear and Mixed Model (GLMM) framework. The probability that a 
person with group membership parameter 

~
n will respond in category r to item i is 

given by: 

~ ~ ~
| , | 1,

ng

nir nir n i nir nir ng i
g

P X x P X x  (4) 

Similarly, for the second construct, the probability that a person with group 
membership parameter 

~
n  will respond in category d to item h is given by: 

~ ~ ~
| , | 1, .

ng

nhd nhd n h ndh nhd ng h
g

P Y y P Y y  (5) 

 As item responses are assumed to be independent given 
~
n , 

~
n , the item 

parameters and the link function parameters, F, the modeled probability of a 
response vector is: 

~~~~ ~ ~ ~ ~ ~

~

, | , , , , ( | 1, )

( | 1, )

nij
ng

nhd
ng

x

n n n n n n nir nir ng i
g i r

y

nhd nhd ng h
g h d

P X x Y y F P X x

P Y y

 (6) 

subject to the constraints of Equation 1. Different programs, embodying different 
estimation approaches, can be used to implement this model—for example, 
LatentGOLD (Vermunt & Magidson, 2008), gllamm (Rabe-Hesketh, Pickles & 
Skrondal, 2001), HUGIN (Andersen, Olesen, Jensen, & Jensen, 1989) and 
WinBugs (Lunn, Thomas, Best & Spiegelhalter, 2000), with the last providing the 
greatest flexibility to estimate most complex versions of this family of models. 
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DEREK C. BRIGGS 

MAKING PROGRESS IN THE MODELING OF 
LEARNING PROGRESSIONS 

Summary of Exemplar Chapters 

It can be easy to stereotype psychometrics as a field that encourages research with 
an aim of discovering “angels dancing on the head of a pin.” This stereotype is not 
without merit: Many of the biggest advances in psychometric research are best 
understood as purely methodological improvements in the ways that the parameters 
of a given model can be estimated efficiently. And psychometricians are apt to 
develop new models even when the models are not a means to an end but the sole 
reason for the enterprise. While advances in psychometric modeling techniques are 
important, they may seem esoteric and far-removed from the more qualitative 
research and theorizing that has characterized much of the early work on learning 
progressions in science. The three exemplar chapters in the modeling strand of this 
book break from this stereotype. The authors emphasize not only the important 
reasons for engaging in the formal activity of modeling a learning progression (LP) 
but also the necessary synergy between the modeling strand and the underlying 
theory (defining strand), assessment (assessing strand), and planned use (using 
strand) of a LP. When applied to LPs, the modeling approaches described in these 
chapters are very clearly a means to an end.  
 A key objective of this book is to elucidate challenges in LP research. The 
authors of the three chapters in this strand motivate their modeling approaches as 
ways to overcome challenges that have been identified for LPs. This requires that 
the authors identify a specific challenge inherent in the work with a preexisting LP 
and then match this challenge with a particular modeling approach that can be used 
to overcome it. However, for any modeling approach taken, there are almost 
always one or more alternative approaches that could have been taken. For that 
matter, as I shall point out, even within a given approach, there are typically many 
decisions that must be made in the specification of the model.  
 West et al. (chapter 12) address the challenge of making model-based inferences 
about the knowledge, skills, and abilities (KSAs) of students as they are exposed to 
a comprehensive program of instruction. The specific LP context described by 
West et al. is the Cisco Networking Academy, where students learn to be computer 
network engineers through a blend of face-to-face and online courses. In this 
context, it is possible that a single LP may be identified for each KSA in the Cisco 
Networking Academy curriculum or that more complex LPs may be identified 
through the combination of these distinct KSAs. The Bayesian Network (BN) 
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approach to modeling LPs has some immediate conceptual appeal because it is 
rooted in Bayes Theorem, which says, in a nutshell, that the probability of some 
event occurring (e.g., a student answering a particular item correctly) is 
proportional to the combination of a prior hypothesis about that event occurring 
(i.e., based on prior observation and/or on expert opinion) and new information 
gathered by observing whether related events actually occur or not. Hence the idea 
behind Bayes Theorem, and a BN that is derived through its repeated application, 
seems consistent with the ethos that a LP should represent a testable hypothesis. 
 Briggs and Alonzo (chapter 13) describe the challenge posed by the complexity of 
a novel item format. In previous research, these authors created the ordered multiple-
choice (OMC) item format to facilitate diagnostic inferences when assessing students 
relative to a LP. However, because these items have structural features that could 
distort the inferences reached in the evaluation of the response of any student to any 
item (due to ceiling and floor effects and guessing), the challenge is to specify a model 
that takes these features into account. Briggs and Alonzo’s solution to this challenge is 
to use an approach drawn from the literature on diagnostic classification models 
known as the attribute hierarchy method (AHM). The AHM is a potential solution to 
the OMC challenge because it gives the LP modeler considerable flexibility in making 
hypotheses about expected responses when a student with a certain level of 
understanding is presented with item response options reflecting conceptions that are 
above, below, or equal to this level of understanding. These expected responses could 
then be compared to the student’s actual responses. The results of the comparison 
have two different uses: the probabilistic classification of students according to LP 
levels and the evaluation of the validity of LP hypotheses.  
 Wilson (chapter 14) addresses the challenge of the complexity of the hypothesis 
about students’ developing understanding that underlies the LP (rather than the 
complexity of the item design). Wilson distinguishes carefully between a construct 
and a LP. In some cases, a LP may consist of a single construct. The Earth in the 
Solar System (ESS) LP described by Wilson and by Briggs and Alonzo (chapter 13) 
is an example. The IP_Addressing LP described by West et al. (chapter 12) is 
another. However, Wilson notes that a number of LPs could be much more complex 
through interactions between multiple constructs. As an example, he describes the 
Molecular Theory of Matter LP, which consists of six different, inter-connected 
constructs. He introduces a Structured Constructs Model (SCM) in anticipation of 
such LPs for which one may hypothesize that a student’s mastery of a specific level 
on one construct (e.g., Changes of State) depends on that student’s ability to master a 
specific level on a different construct (e.g., Properties of Objects).  
 A laudable feature of all three chapters is that their modeling approaches are 
intentionally couched within a broader research and development context. This is a 
context that necessarily includes the other LP strands addressed in this book: 
defining, assessing, and using. Briggs and Alonzo (chapter 13) and Wilson  
(chapter 14) tie this broader context to the principles and building blocks of the 
BEAR Assessment System (BAS). A central idea in the BAS is that the activity of 
modeling a LP is an iterative process that is performed in conjunction with the 
specification of one or more construct maps, assessment items, and rules for scoring 



MAKING PROGRESS IN THE MODELING OF LEARNING PROGRESSIONS 

347 

these items. Similarly, West et al. (chapter 12) use the BN approach to represent the 
interpretation vertex of the “assessment triangle” proposed in the National Research 
Council’s (2001) report Knowing What Students Know. As such, the BN approach is 
not useful without its connections to the cognition and observation vertices.  
 Participants in the modeling strand at the Learning Progressions in Science 
(LeaPS) conference expressed concerns that psychometricians are sometimes 
excluded from the early work on LPs, when theories of how learning progresses 
are debated and assessment items are developed. When a psychometrician is 
simply provided with a data matrix and is asked to work some inferential magic, 
the results are likely dissatisfactory to all involved. The three chapters in this strand 
suggest the reason for this dissatisfaction. Modeling processes rely on theories that 
can be abstracted and submitted for empirical scrutiny. Therefore, unless LP 
modelers have a solid understanding of the theory behind a LP and its evolution, it 
is unsurprising that there is a disconnect between the inferences about student 
understanding implied by a model and empirical observations of students.  
 In the next section I discuss three major decisions that require special attention 
in the process of modeling a LP. These decisions, which are implicit in the three 
exemplar chapters, were raised repeatedly by the participants in the modeling 
strand at the LeaPS conference. The first decision is on the “grain size” of the LP. 
The grain-size decision, which is usually made when a LP is first conceptualized, 
has important ramifications for modeling the LP reliably. A second decision is on 
the evaluation of model fit. It is important to set statistical criteria that can be used 
to evaluate the fidelity of a model: however, at present such criteria—at least in the 
context of newer modeling techniques—are not yet well-established. It is also 
important to recognize that at some point, no matter how carefully the statistical 
indicators have been computed, some degree of pragmatic judgment is required to 
decide how close is “close enough.” Finally, a third—heretofore underappreciated—
decision is on the assumptions that can (or cannot) be supported about the nature of 
the measurement construct. Are we measuring a construct that can be interpreted as a 
continuous quantity, or is our interest restricted to discrete classifications? While 
most LP hypotheses assume the latter, some of the earliest LP models have, 
implicitly at least, assumed the former. This decision has important ramifications 
for how growth in learning over time is modeled and interpreted.  
 In the last section of this chapter I conclude by emphasizing the importance of 
sensitivity analyses in the research on modeling of LPs. A sensitivity analysis asks 
whether certain decisions made in LP modeling lead to practically significant changes 
to the inferences derived from the model. Such analyses will give us a better sense of 
what works, when it works, and why it works when LP modeling decisions are made. 

KEY DECISIONS IN CHOOSING A MODEL FOR A LEARNING PROGRESSION 

The Concept of Grain Size  

The term “grain size” is often used metaphorically in LP research. However, the 
term has a very specific meaning in geology, where grain size is an ordinal 
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 However, two tensions result for LP developers. The first tension is 
philosophical. Many LPs are developed explicitly to oppose the idea that students 
should be assessed with respect to a simplistic dichotomy of whether they “get it” 
or they don’t. The second tension is more practical. If the LP is too fine-grained, it 
may not be useful for classroom instructional purposes; teachers may be 
overwhelmed with information about the many discrete characteristics of student 
understanding. Additionally, a LP that is too fine-grained may not be useful in 
large-scale assessments that produce a single summative conclusion about student 
achievement; too many discrete items would be required to fully characterize 
achievement with respect to the LP.  
 Thus the grain size “debate” depends strongly on the intended use of the LP. If 
the intended use is primarily formative, it may well be worth sacrificing reliability 
if the sacrifice leads to greater classroom utility and teacher (and student) buy-in. 
Teachers, in their day-to-day interactions with students, have many opportunities to 
gather additional information that can be used to correct a mistaken inference. But 
if the intended use is more summative (e.g., ranking students or placing them in 
classes), then the sacrifice is much more problematic. A mistaken inference may 
result in very negative high-stakes consequences.  
 For a particular LP, both views may be possible. The most complex computer 
programs can be broken down into binary operations; the same may be true of most 
LPs. There may be times when we wish to view grains of sand as though we were 
at the beach building a sand castle. At other times we may wish to view grains of 
sand from a distance in order to place them in the context of the surrounding 
landscape. Thus the challenge for the LP modeler is to understand the intended use 
of the LP before deciding which view is more relevant.  

Evaluating Model Fit 

 There is a famous aphorism in statistics that “all models are wrong but some are 
useful” (Box, 1979, p. 202). The first part of this aphorism is clearly true. With 
careful scrutiny, “exceptions to the rule” can be identified for any model that 
makes formal assumptions about the mental processes of “typical” students as they 
attempt to make sense of scientific phenomena. The second part of the aphorism is 
more equivocal. Usefulness is a very subjective concept. Two models may be 
“useful” in a broadly defined sense, but that does not necessarily make them 
interchangeable. For example, two models might be deemed equally useful so long 
as both produce a numerical summary of a student’s level of understanding. Both 
models might be useful because, without this numerical summary, a teacher would 
require far more time to decide how to help that student learn. Here, utility is 
understood solely as an efficient allocation of a teacher’s time. In contrast, if utility 
is understood as the helpfulness of information resulting from a teacher’s diagnosis 
of a student’s understanding with one model versus another, an entirely different 
conclusion about utility is possible. 
 Box’s famous aphorism highlights a tension that arises between fit and utility 
when specifying a model: A model may “fit” the data better yet be so complex that 
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it is no longer useful. All evaluations of the fit of a LP psychometric model involve 
variations on the same question: How closely do the things students say or do 
match with what the model predicts that they should say or do, if students are at 
known positions on the LP? Note that evaluations of fit represent proof by 
contradiction—one begins by assuming the model is true and then looks for 
evidence to the contrary. This difference between what is expected under the model 
and what is actually observed is aggregated for each student and/or each 
assessment task. If the discrepancy is large enough, this result may be taken as 
evidence that the model does not exhibit satisfactory fit to the data.  
 This “in a nutshell” presentation of the process of testing for model fit glosses 
over four key challenges to fit evaluation in the context of LPs. The first challenge 
arises because the finding that a LP model does not fit the data in the aggregate 
(when differences between what is expected and observed are averaged over items 
or respondents) is of limited value if this is the end of the fit evaluation. An 
aggregate model misfit represents the starting point for further detective work. Is 
model misfit a sign of a problem with the underlying LP hypothesis or with the 
way the hypothesis has been operationalized? Model misfit may result from the 
inability to distinguish between adjacent levels of a LP within the “messy middle” 
(Gotwals & Songer, 2010, p. 277). Or the problem may be how the assessment 
items are written and/or scored, not with the hypothesis that the levels are (a) 
hierarchical and (b) distinguishable. Or the problem may be that the students who 
took the assessment do not represent the target population in terms of their 
curricular exposure or other key characteristics. In order to explore plausible 
explanations for a mismatch between model and data, it is important to supplement 
aggregate fit statistics with more locally oriented statistics capable of flagging 
discrepancies at the level of specific items or students. For example, in the Rasch 
measurement tradition, careful attention is given to the fit or misfit of both items 
and respondents (cf. Bond & Fox, 2001). 
 A second challenge arises when there is evidence of misfit specific to certain 
items. When certain items show a lack of fit, an extreme solution is simply to 
remove or replace them. The problem with this solution, however, is that unless 
one takes the time to understand why a particular item does not elicit the expected 
student responses before removing or replacing it, the LP modeler is unlikely to 
gain any substantive insights about the underlying LP hypothesis. It is in this sense 
that the participants in the LeaPS modeling strand used the catchphrase, “misfit is 
your friend.” Implicit in this catchphrase is the assumption that assessment items 
(and scoring rules for these items) have been thoughtfully designed to elicit 
responses according to the LP hypothesis. If items have been so designed, then 
item-level misfit should lead to targeted inferences about aspects of the LP 
hypothesis that need to be refined or reconsidered. Otherwise, the process of 
removing or replacing misfitting items is more akin to a statistical fishing expedition. 
 A third challenge arises when there is evidence of misfit specific to certain 
students’ responses to assessment items. There are two reasons such evidence can 
be difficult to interpret. First, on any day, students’ ability to think clearly about 
scientific concepts may be influenced by factors unrelated to their understanding of 
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those concepts (e.g., because of a good/bad night of sleep or a fight with a sibling). 
Of course, such factors influence all students taking assessments, but it may be that 
these factors vary in severity, depending on chance. If this is true, then it is 
unsurprising to find that in any assessment, five to 10% of the students may answer 
easy questions incorrectly or hard items correctly—two types of response patterns 
apt to result in flags of student-level misfit. In other words, for every 100 students 
one expects that five to 10 will give responses that do not fit the model even if the 
model is accurate. Such a scenario is probable in the context of assessments with 
constrained choice items where a “distracted” student is more likely than a 
“focused” student to make guesses that are difficult to anticipate.  
 A second reason student-level misfit is difficult to interpret is that a LP developer 
will typically have much more information about the design factors used to create 
assessment items than about the cognitive characteristics of the students who respond 
to the items. When student responses do not fit the model, the next logical step is to 
compare the characteristics of the two groups of students—students whose responses 
fit the model and students whose responses do not. However, readily available 
variables such as gender, age, and race/ethnicity are seldom very informative in this 
step. The best way to diagnose possible causes of student-level misfit is to interview 
students in an exploratory manner after they have taken the assessment, using misfit 
statistics to explore unexpected responses. The problem is that such interviews, and 
the subsequent qualitative analyses of the results, can be very time-consuming. 
Again, if the evaluation of fit as part of the “modeling stage” is viewed as the goal of 
LP research, rather than as part of an iterative process, the computation of student fit 
statistics is unlikely to lead to new insights.  
 The fourth challenge concerns answers to the question, “How close is close 
enough?” When formal statistical tests are conducted to help decide whether 
differences between observations and model expectations are real or the result of 
chance, a decision must be made on whether the differences are practically 
insignificant—even if they are statistically significant. The point is that while it is 
crucial to establish statistical criteria for the evaluation of model fit, some degree 
of subjectivity always affects the decision to provisionally accept, reject, or revise 
a LP hypothesis after it has been modeled. Statistical tests of fit provide systematic 
evidence that can be used to inform such decisions.  
 While the authors of the three exemplar chapters acknowledge the importance of 
evaluating model fit, they offer little practical guidance for LP modelers. West  
et al. (chapter 12) and Briggs and Alonzo (chapter 13) describe the use of global fit 
statistics to evaluate the number of levels in a LP that can be supported by 
empirical data. However, because their chapters focus on approaches for modeling 
LPs, they cannot take the reader inside the more detailed detective work that is 
required once the models have been applied to empirical data. In addition, the fit 
statistics that have been developed for the models described in these chapters are 
relatively new—and for Wilson’s (chapter 14) proposed SCM, non-existent—and 
as yet rarely applied in practice. For example, in proposing several innovative 
approaches for the evaluation of fit in the context of a BN, Sinharay (2006, p. 2) 
notes: “Model checking for BNs is not straightforward . . . the use of statistical 
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diagnostic tools in this context is notably lacking.” Research on fit evaluation for 
diagnostic cognitive modeling will be an active area for many years; there are 
many important issues to address. One issue is the likelihood that one may 
incorrectly reject, or fail to reject, the hypothesis that the model fits the data when 
it actually does, or does not (i.e., Type I and Type II errors). Another issue is that 
the use of misfit diagnoses to change the assessment, the model, or the underlying 
LP is not yet well understood. 

The Construct of Measurement and the Representation of Growth 

 The three modeling approaches presented in these exemplar chapters tacitly 
assume that the construct(s) underlying a LP are discrete rather than continuous. 
Indeed, for Briggs and Alonzo (chapter 13), skepticism about the assumption of 
continuity for the construct underlying the ESS LP was one motivation for their 
interest in the AHM. Yet there are a number of examples in which LPs have been 
modeled under approaches that implicitly assume a continuous construct (cf. 
Gotwals & Songer, 2010; Kennedy & Wilson, 2007). Interestingly, in comparing 
the SCM approach to applications of the BAS that involve use of the Rasch family 
of item response theory (IRT) models, Wilson (chapter 14) writes: 

The first difference from the simple construct map formulation is that the 
underlying model for each construct is seen as a series of latent classes rather 
than as a continuum. The reason for the choice of a latent class approach in 
this case is that it allows qualitative a priori specification of the hypothesized 
links between levels of different constructs. It is not clear to me how to 
achieve this in a latent continuum approach. (p. 332) 

Wilson also suggests it may be possible to specify latent continua within different 
latent classes, an idea he helped pioneer with his Saltus model (Wilson, 1989). 
Wilson (chapter 14) takes the sensible perspective that the assumptions invoked by 
any model must be sensitive to the hypotheses that LP developers wish to test (and 
not the other way around). However, in psychometric practice the assumption of 
whether a latent construct is discrete or continuous is very rarely acknowledged as 
equivocal, let alone submitted to empirical evaluation (Michell, 2000, 2008).  
 The question of whether a construct can plausibly be assumed to be either 
discrete or continuous is not just a philosophical one. Answers to this question may 
have important ramifications for how growth is modeled. In essence, all LPs are 
hypotheses about growth in student learning. Figure 2 depicts the intuition that 
most people have about growth. This is an example of a “progress variable” (which 
can be thought of as similar to a construct map) abstracted from a LP hypothesis 
about how a student’s understanding of the concept of buoyancy (vertical axis) 
changes as the student is exposed to instruction over time (horizontal axis). In 
Figure 2, there is an implicit assumption that the underlying construct is continuous. 
If this assumption were falsified, then it would be a mistake to interpret the 
magnitudes along the vertical axis as a representation of the amount the student has 
learned from one time period to the next. 
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consists of four discrete levels, then in three time periods there will be up to 64 (43) 
possible “growth” transitions observable for a student. Should growth be 
characterized in terms of the percentage of students that maintain or increase their 
level of understanding across the three time periods? Or should growth only be 
characterized in terms of the first and third time periods? The modeling of change 
over time with discrete latent constructs represents something of a new frontier in 
psychometric research on cognitive diagnostic modeling (J. Templin, personal 
communication, August 18, 2010). 

CONCLUSION: THE NEED FOR SENSITIVITY ANALYSES 

In reading the exemplar chapters, it is reasonable to wonder whether and when one 
modeling approach is preferred over another. For example, the BN approach is 
probably the most general and most flexible approach presented—why not model 
all LPs in this way? Some psychometricians may agree that this is a sensible idea; 
others may argue that the generality and flexibility of BNs come at the price of 
very strong assumptions of conditional independence for each “node” in the 
network or that the complexity of parameter estimation for such models requires 
large amounts of student data.  
 One reason these sorts of debates do not often occur is that modelers tend to 
work on research that is a variation and/or application of the same overarching 
approach. In the process, they establish their own—often very specialized and 
esoteric—terminology and estimation procedures. Thus it is difficult for a 
psychometrician—let alone a LP developer with little or no training in 
psychometrics—to compare and contrast different approaches. However, such 
comparisons are starting to become possible as the many recent innovations in 
diagnostic classification models gain traction.1 LP researchers must emphasize the 
importance of sensitivity analyses. These analyses should compare and contrast not 
only choices in model specification within a modeling approach (i.e., whether to 
specify three or four levels for a LP within a BN) but also choices of model 
specification across different approaches (i.e., whether the use of a BN or a Rasch 
model leads to substantively different diagnostic inferences about students’ 
conceptual strengths and weaknesses).  
 At some level, all models may be wrong, but that does not mean that all 
decisions in the specification of a model are equally defensible. As research on LPs 
in science moves forward, it will be critical that the psychometricians involved are 
cognizant of, and transparent about, the strengths and weaknesses of the modeling 
approaches they use. All parties involved in research on LPs must play the devil’s 
advocate with themselves and with their colleagues. It is in this spirit that the 
present chapter—and, for that matter, this book—is written. 

NOTE 
1 For example, see the recent textbook by Rupp, Templin, and Henson (2010) that makes connections 

between many different types of diagnostic classification models in a very approachable manner. 
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MARIANNE WISER, CAROL L. SMITH AND SUE DOUBLER 

LEARNING PROGRESSIONS AS TOOLS 
FOR CURRICULUM DEVELOPMENT 

Lessons from the Inquiry Project 

Cognitively-based curricula may take into account research on students’ 
difficulties with a particular topic (e.g., weight and density, inertia, the role of 
environment in natural selection) or domain-general learning principles (e.g., the 
importance of revisiting basic ideas across grades). Learning progressions (LPs) 
integrate and enrich those approaches by organizing students’ beliefs around core 
ideas in that domain, giving a rich characterization of what makes students’ initial 
ideas profoundly different from those of scientists, and specifying how to revisit 
those ideas within and across grades so that young children’s ideas can be 
progressively elaborated on and reconceptualized toward genuine scientific 
understanding. Reconceptualization is central to a learning progression approach. 
To help students develop scientifically sound ideas, curricula need to go beyond 
enriching student knowledge and focus on deeply restructuring it. Evaluating 
learning progression curricula is an integral part of the learning progression 
approach to science education. The goals go beyond evaluating how well the 
curricula are “working”; they are to evaluate and revise the learning progressions 
themselves. 
 Currently, we in the Inquiry Project are engaged in such research. The 
Inquiry Project team consists of cognitive developmental researchers with 
expertise in science and math education, scientists, teachers, and curriculum 
developers. The team members have worked collaboratively to elaborate the 
Grades 3–5 portion of a larger K-8 LP developed previously by Smith, Wiser, 
Anderson, and Krajcik (2006) and to design a curriculum intended to nurture the 
development of students’ knowledge in ways specified by the learning 
progression. The Inquiry Project Curriculum was implemented and assessed 
longitudinally in two schools over a 3-year span. The findings from this project 
will inform the evaluation and revisions of the Inquiry Project Curriculum and 
the Grades 3–5 portion of a LP for matter for the elementary grades. (We will 
use LPM to refer to the entire LP for matter at the elementary grades). 
Ultimately we hope to integrate LPM with middle and high school LPs on 
matter being developed by other research groups (e.g., Stevens, Delgado, & 
Krajcik, 2010). 
 This chapter describes three broad classes of challenges we encountered in 
designing and implementing the Inquiry Project Curriculum, how we dealt with 
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those challenges, and what our implementation and assessments revealed about the 
merits of our solutions. 
 The bulk of our chapter addresses the first challenge: how to design curricula 
that promote reconceptualization. Specifically, we address the challenges 
inherent in our three major design goals: specifying the knowledge targeted in 
each grade; structuring the curriculum for coherence and continuity; and 
devising learning experiences that promote reconceptualizations. We discuss 
how four theoretical constructs—stepping stones, core concepts, lever concepts, 
and key representations—structure LPM and provide needed guidance for the 
Inquiry Project Curriculum. The chapter concludes with a discussion of the 
second and third challenges in our work: coordinating research and curriculum 
development and designing LP-based curricula that can fit with the realities of 
classrooms.  
 The K-8 LP (Smith et al., 2006) began with conceptual analyses of middle school 
and high school students’ difficulties with the tenets of the atomic molecular theory 
(AMT). In particular, it linked those difficulties to incomplete mastery of core 
macroscopic concepts—weight, volume, density, material, matter, states of matter, 
and phase changes—as well as to epistemological obstacles. Wiser and Smith (2008) 
offer rich evidence of the role of macroscopic and epistemological knowledge in 
understanding versus misunderstanding AMT, as well as of the interrelationships 
among students’ physical, mathematical, epistemological, and symbolic knowledge 
of matter at the macroscopic level. For example, many students believe that if a 
chunk of material is repeatedly halved, the pieces eventually will weigh nothing and 
then will disappear. This makes atoms problematic: what is their ontological status 
and how can they be the sole components of matter? The idea that very small pieces 
of matter have no weight can, in turn, be traced to students’ belief that weight is 
reliably assessed by hefting and more broadly to an epistemology that includes the 
idea that our (unaided) senses tell the truth about the world (Snir, Smith, & Raz, 
2003; Wiser & Smith, 2008). 
 The idea that AMT curricula should take into account the difficulties posed by 
atoms and molecules and the ideas students bring to the classroom is part of any 
constructivist approach, but the LPM approach ups the ante in two ways. First, 
the LPM approach views learning AMT as a broad and deep reconceptualization 
of ideas about matter. Second, it makes the reconceptualization of macroscopic 
level concepts central to this reorganization of ideas. Students’ difficulties with 
AMT relate perhaps not so much to atoms and molecules per se but rather to the 
lack of fit between AMT as a model of matter and their macroscopic ideas about 
matter, and, more generally, between their and scientists’ macroscopic ideas 
about matter.  
 LPM is a proposal for how young children’s knowledge can be transformed into 
an understanding of matter that supports learning AMT in productive ways. Before 
launching into our main topic—the challenges involved in designing and 
implementing a curriculum that makes that transformation possible—we examine 
more closely our characterization of the knowledge that is transformed and what 
we mean by reconceptualization. 
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WHAT DO WE MEAN BY RECONCEPTUALIZATION? 

LPM is based on a theoretical view of conceptual change that assumes that 
concepts and beliefs develop from universal core knowledge that heavily 
constrains knowledge acquisition in infancy and early childhood (Carey, 2008; 
Pinker, 2007; Spelke, 2000). The universality of core knowledge and early learning 
experiences in the domain of matter (all children encounter objects made of 
different materials—solids, liquids, etc.) ensures the universal development of the 
concepts of object, aggregate (liquid or powder), material, heaviness, and size, 
although languages, cultures, and specific environments emphasize some concepts 
more than others (e.g., the material and object levels of description have different 
emphasis in English, Japanese, and Quechu’a) and produce different knowledge 
about specific objects and specific materials (Imai & Mazuka, 2007; Lucy & 
Gaskins, 2003).  
 These concepts are, of course, far less sophisticated than corresponding 
scientific concepts. However, and more importantly, these concepts differ from 
scientific concepts in very fundamental ways, making young children’s and 
scientists’ understanding of objects, materials, and their transformations 
incommensurable (at least in a weak sense).1 Therefore, achieving an 
understanding of matter commensurate with the scientific view requires major 
conceptual changes; those changes, as a whole, are the reconceptualization we 
referred to in the Introduction. This reconceptualization is not inevitable; the 
majority of American high school graduates have learned statements, models, 
and equations by rote although they have not acquired an understanding of 
matter much more advanced than that of kindergartners. LPM describes how 
the reconceptualization could take place. LPM is virtual in the sense that it 
cannot unfold without a curriculum that supports the restructuring of 
knowledge and sustains its meaningfulness in instruction. LPM is also 
hypothetical since we will not know whether the course of knowledge 
development it postulates is an effective path to scientifically sound 
understanding of matter until we observe its effect in classrooms. We also 
believe that the complexity of the reconceptualization places such numerous 
and interrelated constraints on curricula that there may be only a few ways to 
design successful curricula.  
 In any constructivist account, learning links new information with pre-existing 
knowledge and is productive only if the new links provide the basis for new 
interpretations of observations, which are both meaningful to students as well as 
compatible with the scientific knowledge targeted by educators. (We later address 
the meaning of “compatible.”) Students do not learn when new information does 
not relate to their current knowledge; such new information is thus either quickly 
forgotten or is remembered only as rote-learned statements. Students also do not 
learn when linking new information to their current knowledge results in 
irresolvable conflicts or leads to modifying that knowledge in unproductive ways. 
For example, the information “gases are matter,” as typically presented to young 
students, can be meaningless if students do not understand gases and/or matter. 
New information may create a conflict if students think that matter is what can be 
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held and touched. This conflict may lead students to revise their prior belief about 
matter in a way not intended by their teacher: since air and other gases cannot be 
touched or held, “matter” is not what students thought. They may further conclude 
that “matter” must refer to anything physical. Thus heat, light, forces, and energy 
must be matter, too.  
 In a different scenario,2 students first learn that any solid or liquid (i.e., matter as 
they think of it) has weight,3 and that weight is proportional to the amount of 
material.4 This information makes cogent a range of experiments about dissolving, 
evaporation, and gases in which weight can be used as indirect evidence for the 
presence of material. Students discover that when salt is added to water, the salt is 
no longer visible, but the weight of the salt water is the sum of the weight of the 
salt and the weight of the water. They also discover, using a “two bottle system”5 
and a heat lamp, that although the amount of water in the first bottle decreases and 
water does not (yet) appear in the second bottle, the weight of the system does not 
change. Because they have learned to associate weight with amount of material (for 
solids and liquids), students conclude that the salt (in the first experiment) and the 
water (in the second experiment) must exist although both are invisible. The 
conclusion that “the salt and the water still exist” is not yet a belief but rather a 
statement that is both implausible and worthy of further consideration. Students are 
caught between the logic of the conclusion and its incompatibility with their deeply 
entrenched belief that matter, including water, can be seen and touched. However, 
they notice drops forming on the wall of the second bottle. In time, more and more 
water appears in the second bottle until there is no more water in the first bottle. 
These observations strengthen the plausibility of the idea that water can travel 
through air in an invisible form.  
 Other investigations provide further reasons for considering that, in some 
contexts, matter can exist in invisible form while retaining familiar properties such 
as having weight and exerting force. A basketball weighs more after being filled 
with air than before and syringes cannot be pushed all the way in; one can feel the 
resistance of the air inside. Air must be “something”—it has weight and occupies 
space, like solid and liquid samples. Again, these are conclusions, not yet beliefs. 
Students might then watch iodine sublimate—the space above the solid iodine 
turns purple. (“Some gases are visible!”) Students have started to entertain the 
possibility that gases are material just as solids and liquids are material: they have 
weight, occupy space, and are (sometimes) visible. Again, this hypothesis is “hard 
to believe.” Children need an explanation. (“How is this possible given everything 
I know about matter?”) The situation is ripe for introducing a particulate model that 
provides a unitary (and compelling) way of explaining these diverse observations 
using a small set of assumptions about the structure of matter. To help students 
commit to a particulate model of matter, however, it is important to reconcile it 
explicitly with perception. 
 A visual demonstration helps students understand how something invisible 
becomes visible. For example, when tiny dots are spread equally across the page, 
they are very difficult to see from beyond a distance of a few feet; when those 
same dots are clustered, it is much easier to see them. This demonstration may help 
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students understand why we see salt in its solid form but not after it has been 
dissolved, or why we see water in its liquid form but not in its gas form. It is not 
the amount of salt or water that changes; the change is the distance between the 
tiny particles that make up the salt and the water. 
 Students then explore a particulate model of matter. Applying the model in 
various contexts, they realize that it is a “good” model of matter because it explains 
a number of their observations. For example, the model explains differences in 
materials and why material identity and amount are conserved and weight does not 
change when a sample of material melts or freezes. Faced with the “explanatory 
success” of the particulate model, students are more willing to give up their old 
beliefs that matter is continuous (it only appears to be) and that gases are not matter 
(they are matter distributed very sparsely). Students’ view of the nature, structure, 
and transformations of matter is now well on its way to being reconceptualized.6 
The differences between the students’ knowledge systems before and after 
reconceptualization are deep and broad; the two systems are incommensurate. Yet 
each step described in the previous paragraphs creates new knowledge that is 
closer to scientific understanding while remaining meaningful. How is that 
possible?  
 We view the ongoing reconceptualization as involving the creation of a 
succession of small “local” networks of beliefs that are first entertained as 
credible, then reinforced by further experiences, and finally, given the epistemic 
status of principles. In deeply constructivist fashion, beliefs consistent with the 
scientific theory are progressively adopted by students, as carefully ordered 
inquiries reduce the cognitive distance between students’ initial beliefs and 
scientifically compatible ones. In contrast observing the water level drop in a 
bottle and being told “the water evaporates” does not lead anywhere because the 
cognitive distance between what students know and what they hear is too great 
(“What is evaporation? I cannot see water in the air.”) Weighing the two-bottle 
system every day and observing that its weight remains constant provide 
evidence that the amount of stuff in the closed system remains the same. 
However, without further scaffolding, the experiment may confuse students. On 
the other hand, helping them to notice that drops have formed on the bottle wall 
strongly suggests that water moved from one place to the other. Relying on a 
belief, rooted in infancy, that if an object moves from A to B, it must follow/have 
followed a continuous path (even if the path is partially visually obstructed), 
students now have a very good reason to believe that at some point, there was 
water in the air although they could not see it. When this idea is linked with the 
idea of unchanging weight, the hypothesis that water can exist in an invisible 
form is now credible enough to apply to other learning experiences, increasing 
the credibility of the hypothesis. For example, students are now more likely to 
entertain the possibility that air has weight as an explanation of why pumping air 
into a basketball makes a pan balance scale tip because they are already 
entertaining the possibility that solids and liquids can be invisible, like air, and 
still have weight. In other words, the more numerous the phenomena pointing to 
a single explanation, the more acceptable the explanation. 
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 We describe our pedagogical approach as follows. First, we propose a 
hypothesis within a context that makes it plausible (rather than taking for granted 
that a statement has to be accepted right away); then we increase its plausibility by 
presenting more and more empirical evidence for it, making it more widely 
applicable, and fostering more links between the hypothesis and existing 
knowledge (e.g., the iodine experiment would create a link with “things that are 
visible are matter”).7 A set of increasingly plausible and coherent hypotheses can 
form a new local network of knowledge—a liquid material becomes invisible and 
yet exists; air is a gas, is invisible, and has weight; a gas (iodine) may be visible, 
proving it exists; all matter has weight and all that has weight is matter. This local 
network is more and more salient as the plausibility of its components increases. 
Other local networks may develop in parallel or in succession (e.g., a network 
about a particulate model of matter) and then become linked to each other. Local 
networks give each other credibility in the same way that individual, plausible 
hypotheses do. 
 At the same time, beliefs that were part of the initial network and inconsistent 
with the new hypotheses begin to fade away or begin to be re-interpreted or 
qualified—“air is nothing” becomes “air is invisible”; “water disappears when the 
level goes down” becomes “water turns into a gas state”; “matter is what can be 
touched and seen” becomes “matter in solid and liquid form can be touched and 
seen (if one has large enough samples).”  
 However our “success story,” as described above, depends on the following 
conditions. Students believe that small pieces of solid and liquid material have 
weight; students are skilled at making direct and indirect measurements of weight 
and using weight as evidence for claims about matter; and students can distinguish 
between what things look like and what they are. Developing those beliefs and 
skills is part of a prior and lengthy reconceptualization process.  
 We hope we have convinced our readers that, in order not to remain a fairy 
tale, the reconceptualization of matter must be carefully prepared for and given 
ample time to take place. Numerous items of new information are needed, with 
each item introduced at the right time and relationships between new information 
and current knowledge must be established in a certain order. Learning 
experiences must be selected with care because specific contexts require different 
elements of knowledge. Given the time frame and the complexity of the 
reconceptualization, a curriculum needs to be planned at multiple time scales and 
grain sizes. In the Inquiry Project, we asked: What is our target knowledge at the 
end of fifth grade? Given that, what is our target knowledge at the end of third and 
fourth grades? What should we start with in third grade? In what contexts should 
third graders explore materials? When should we start using the word “matter”? 
What specific experiences could help students develop a concept of volume? 
What key representations can be introduced to support the reconceptualization of 
weight? 
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CHALLENGE 1: HOW CAN CURRICULA BE DESIGNED TO FOSTER 
RECONCEPTUALIZATION? 

The original K-8 LP developed by Smith et al. (2006) was used as our starting 
point. However, this LP was not ready for translation into a curriculum. The 
Inquiry Project team members elaborated on the Grades 3–5 segment of the 
original LP as they concurrently developed LPM and the Inquiry Project 
Curriculum. The team had three goals:  

(a) Given that the Inquiry Project Curriculum prepares students for learning AMT 
but does not teach it, we needed another end goal—that is, we had to specify a 
coherent and meaningful state of knowledge about matter, compatible with the 
scientific view and useful for further learning, that would be the target for the 
whole curriculum. We also needed to specify similar end goals for the third and 
fourth grades. 

(b) Taking for granted that LP-based curricula should be broadly organized around 
networks of interrelated concepts, we had to decide which concepts were 
important to include, when to include them, and in what contexts to introduce 
them.  

(c) Given that reconceptualizations are complex and long-drawn, we needed to 
design and sequence instructional activities in each grade so that each activity 
would be meaningful and, at the same time, get students closer to a scientific 
understanding of matter. In particular, we needed to specify key experiences 
that promote the progressive integration and generalization of new pieces of 
knowledge. 

  In the sub-sections that follow, we discuss the challenges posed by our three 
goals and how we dealt with these challenges in the Inquiry Project (using the 
theoretical constructs of stepping stones, core concepts, lever concepts, and key 
representations). We also address how applicable these new constructs might be for 
LPs that focus on other grade bands or content areas. While the specific decisions 
taken in the Inquiry Project Curriculum, as reported in this chapter, should be 
viewed as “first generation” informed guesses, as all decisions are open to revision 
given new empirical findings, we think that the usefulness of our theoretical 
constructs may be enduring. 
 Table 1 describes the four theoretical constructs and how they are related. Table 2 
uses these constructs to summarize the ways we elaborated LPM.  
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Challenges in Specifying Productive Learning Goals 

LPM is structured around core concepts and stepping stones. We define core 
concepts as those that (a) are central to scientists’ understanding of a domain or (b) 
play a central role in how students learn scientists’ concepts (and hence are 
important concepts to include in a long-term LP account although they are not 
necessarily core concepts in the scientific theory) (see Wiser & Smith, 2009). 
Stepping stones are intermediate, coherent states of knowledge that can be targeted 
as learning goals for different grades.  
 Core concepts in LPM. What are the core concepts of LPM? Concepts that are 
central to scientists’ understanding of a domain are easily identified. Among these, 
matter, mass, volume, density, and states of matter are clear choices. (Atoms and 
molecules, bonds, elements, compounds, pure substances, and mixtures commonly 
appear in middle school and high school science standards.) One challenge for any 
LP is to identify other concepts that may be involved in developing the concepts 
that are in the scientific domain, including some concepts from early childhood 
whose relevance to the LP may not be apparent at first. The importance of those 
concepts is less obvious and only emerges from an extended analysis of studies of 
children’s learning and reconceptualization in a given domain. For example, in 
earlier work with middle school students who were learning about matter, Smith 
and colleagues found there were strong correlations between believing that “any 
small piece of stuff has weight” and developing an understanding of density 
(Smith, Grosslight, Davis, Unger, & Snir, 1994; Smith, Maclin, Grosslight, & 
Davis, 1997). In our current longitudinal study, we also found that this 
understanding strongly relates to the emergence of precursors for the concept of 
density in Grade 4 (Smith, Wiser, & Carraher, 2010). We are currently examining 
its relationship to other important ideas in students’ matter knowledge network, 
such as the emergence of a general concept of matter in Grade 5. Thus LPM also 
includes the concept of weight as well as the concepts of material, amount of 
material, solid, liquid, and particle that are crucial in bridging young children’s 
ideas about matter to the scientific theory (see Table 2). 
 Another challenge for any LP is specifying the precursors and “intermediate” 
forms that core concepts take as they interact with a curriculum designed to foster 
their transformation into scientific concepts. These specifications require making 
inferences from the difficulties students experience when taught the scientific theory. 
Such inferences require a large database, which is not always available at first, and 
often extensive and complex conceptual analyses. Many aspects of student 
knowledge are implicit, poorly articulated by students, or often extremely context-
dependent. For example, young children may answer conservation-of-amount-of-
material questions differently depending upon the kind of object and the material 
involved (e.g., clay balls, metal cubes, wire coils, plastic wire) and the kind of 
transformation process (reshaping, dividing into little pieces) (Uzgiris, 1964). 
Similarly, in sorting different size objects covered with white tape into those made of 
steel or aluminum, young children are more likely to attend to heaviness for size 
when they are handed objects one at a time rather when they have two objects to 
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compare (Smith, Carey, & Wiser, 1985). Moreover, students may give the same 
word multiple meanings. For example, when students say “Wax becomes water when 
it melts,” do they use “water” to mean “liquid” or does it really mean “water”?  
 Starting point in the Inquiry Project. Once core concepts are established, 
another challenge is richly characterizing what children may know at the beginning 
of our intervention (the lower anchor). This is a challenge because concepts in the 
matter knowledge network are complex. Such concepts consist of a large set of 
beliefs about objects and materials (some can be expressed verbally, some not). 
These beliefs are closely interrelated and include the situations (or contexts) to 
which they apply, the invariants students pick up about those situations, and the 
ways the situations are symbolized (Vergnaud, 1996).  
 Nonetheless, cognitive developmental researchers have (fairly well) established 
some aspects of young children’s knowledge about matter (Au, 1994; Baillargeon, 
2002; Carey, 2008; Dickinson, 1987; Piaget & Inhelder, 1974). Because of the 
limited attention science instruction receives in most American schools at the K-2 
grade level, with its lack of focus on promoting conceptual change, we assumed 
(and confirmed in our pre-test interviews) that our third graders’ knowledge about 
matter would not be qualitatively different from that of kindergartners (see Wiser 
& Smith, 2008, for a discussion of this issue).8 
 Table 2 summarizes many of these initial ideas. Children make some distinction 
between objects and materials (Au, 1994; Dickinson, 1987) and realize that 
reshaping a clay ball does not change “the amount of clay” in the ball (Piaget & 
Inhelder, 1974). However, their knowledge of materials is limited. They focus on 
perceptual rather than objective (and measurable) properties of materials, do not 
yet clearly differentiate between made of and made from, and are likely to think the 
name of a solid material refers to the object itself (e.g., “This is wood”). 
Consequently, material is not yet an ontological category. Children’s ontology still 
rests on object-level descriptions. Matter is not yet an ontological category either. 
Liquids and solids are (at best) seen as similar in the sense that they can be seen, 
touched and held, while gases cannot. Children think weight is reliably assessed by 
hefting. Their ideas about the conservation of material identity across 
transformations and the distinction between material kind and state are sporadic 
and context-dependent (Stavy & Stachel, 1985). They think weight changes across 
transformations (Piaget & Inhelder, 1974). Explicit concepts of density, volume, 
and matter are absent (Smith et al., 1985).  
 One challenge of LPs in science education is to chart how scientifically 
compatible concepts are developed and integrated. We assume that the path to the 
concept of matter starts with children’s ideas about solid and liquid materials and 
that amount of material is a precursor to mass. As sensible as these assumptions 
seem, they require empirical validation. Will a curriculum based on these 
assumptions advance children’s understanding of matter and mass in a 
scientifically compatible way? Moreover, in other LPs, young children’s ideas 
relevant to each core concept may be far less transparent.  
 Stepping stones. What is the targeted knowledge for Grades 3, 4 and 5 in the 
Inquiry Project Curriculum? We propose that what differentiates two successive 



LEARNING PROGRESSIONS AS TOOLS FOR CURRICULUM DEVELOPMENT 

373 

states of the knowledge network in LPM is not that one contains more elements of 
the expert theory or that it resembles the expert theory more closely. Rather, the 
difference is in the structure and content of each state. The structure and content of 
the targeted intermediate states are such that, with the support of carefully crafted 
curricula and effective teaching students can move from one to the next and, 
eventually understand a basic version of AMT. We think of each state as a stepping 
stone along the path to understanding AMT.  
 We hypothesize that the states of the knowledge network qualify as stepping 
stones only if they are sets of core concepts, beliefs, principles, models, numerical 
and mathematical understandings, and representational tools that provide students 
with relatively coherent interpretations of a broad range of phenomena, while 
allowing them to progress toward understanding AMT with further instruction. 
When the LPM reaches a stepping stone, the network has undergone significant 
reconceptualization; that is, the network has reached a new state of equilibrium and 
is conceptually closer to AMT than the lower anchor. (This does not imply that the 
whole network has changed, as we explain later. We hypothesize that the 
interconnections between elements of the network are such that sub-networks can 
be reconceptualized successfully while other sections are unaffected.) 
 The Grades 3–4 stepping stone. Given their initial understandings, what 
relevant stepping stone might children be able to achieve by the end of Grade 4 that 
would better prepare them to progress in Grade 5 toward a scientific understanding 
of matter? 
 We decided that an important first step for students is to develop a number of 
mutually supportive beliefs about solid and liquid materials. Samples of solids 
and liquids are similar because they can be seen and touched, they occupy space 
and have weight, and they may exist in pieces so small they cannot be detected 
by the senses alone. Solids and liquids made of certain materials may be heavier 
for their size than objects made of other materials. When a solid chunk of 
material is deformed (e.g., ground up), 

 Weight is scale weight, not 
heft, and is a measurable objective quantity. Volume refers to the 3-dimensional 
space occupied by an object, not its area or length, and therefore volume can be 
measured by water displacement. 
 These key beliefs, which constitute the Grades 3–4 stepping stone, were the 
target of the Grade 3 and 4 Inquiry Project Curriculum: together, these beliefs 
provide a new, coherent understanding of matter (or rather, of solid and liquid 
materials) that is conceptually closer to AMT than the Grade 2 lower anchor. This 
understanding supports further reconceptualization in Grade 5 toward a new 
stepping stone that includes the belief that gases are matter. The compositional 
model of material is the center of the Grades 3–4 stepping stone. This new 
representational tool, which allows students to focus on the parts and the whole 
simultaneously, supports the belief that  identity, amount, weight, and 
volume do not change when the chunk of material is deformed, cut, or ground. The 
model also supports students’ learning and understanding of the measurement of 
weight and volume.  
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 The compositional model is a representational tool, not a model of the structure 
of matter. Unlike the particulate model and AMT, this model (a) is fundamentally 
about materials (not matter) and does not apply to gases, and (b) represents 
materials as continuous and homogeneous (not as discretely spaced particles). The 
development of this robust model of material is a crucial step toward a scientific 
understanding of matter. However, the model is currently overlooked as an 
important target of elementary science instruction. Perhaps the reason is that the 
model has obvious differences from the expert model (curricula generally target 
“pieces” of the expert theory that are “scientifically accurate” even though they 
may not cohere for students, unlike coherent stepping stones). Other reasons may 
be that curriculum developers mistakenly think young children already have these 
beliefs or think that children can easily develop such beliefs themselves—
something our findings explicitly disprove.  
 The Grade 5 stepping stone We now consider what coherent sub-set of concepts 
and principles, representational tools, and epistemological points could constitute 
the next stepping stone. How should students think about matter at the end of 
elementary school (e.g., Grade 5) if they are to make sense of AMT as taught in 
middle school and appreciate its explanatory value?  
 Since AMT is a model of matter, the Grade 5 stepping stone could include the 
knowledge that matter exists in three states. The stepping stone could articulate that 
gases are matter for the same reason that solids and liquids are matter–they have 
weight and volume, materials keep their identity in physical transformations,9 and 
amount of material, and therefore weight, does not change in physical 
transformations. Density and thermal dilation are also important components of a 
scientific account of matter; they can be used reliably to identify materials. 
Moreover, AMT provides a powerful explanation of the dependency of specific 
volume on temperature. Therefore density could be the nexus of the Grade 5 
stepping stone. Finally, the Grade 5 stepping stone could include a particulate 
model of matter (in which no distinction is made between atoms and molecules) as 
a scaffold to understanding AMT. 
 We found ourselves at a crossroads in our development of the fifth grade 
curriculum. Given the limited number of lessons in the curriculum, we could not do 
justice to all the components of the Grade 5 stepping stone. Hence, we decided we 
could either aim for: (1) a fifth grade curriculum organized around density, 
quantifying the notion of heavy for size developed in the fourth grade and 
developing new representational tools that support this explicit quantification or (2) 
a fifth grade curriculum organized around an ontological reconceptualization of the 
concept of matter. It would include the notions that material objects include gases, 
weight and volume are inherent properties of matter, and amount of matter and 
weight are conserved across phase changes. 
 Approach 1. This fifth grade curriculum recognizes that fifth grade students are 
(potentially) ready, conceptually, to understand density. They can move from the 
belief that objects made of certain materials are heavier for their size than objects 
made of other materials to the belief that some materials are denser than others. 
Dot models (Smith, Snir, & Grosslight, 1992) could be used to illustrate that matter 
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is “packed more tightly” in denser materials. In addition, to enrich children’s 
understanding of density, it is possible to use weight and volume lines or to use 
methods developed by Lehrer, Schauble, Strom, and Pligge (2001) to develop 
children’s understandings of coordinate graphical representations. A unit on 
sinking and floating might be meaningful at this point. By the end of this version of 
the Grade 5 curriculum, the stepping stone would be a solid understanding, at the 
macroscopic level, of weight, volume, material, mass, and density, and their 
interrelationships.  
 Approach 2. This fifth grade curriculum might include the concept of matter 
as superordinate to material. With this perspective, the curriculum could develop 
the understanding that matter exists in three states and that some materials melt, 
freeze, evaporate, condense, and dissolve in liquids. By the beginning of fifth 
grade, students are (potentially) ready to consider these transformations and to 
discover which properties of matter are constant (weight, amount of material, 
material identity) and which properties of matter are not (e.g., volume). Using 
the conservation of matter as a central theme, the curriculum might introduce a 
basic particulate model of matter (e.g., a model that assumes matter consists of 
different kinds of discretely spaced particles that have characteristic weights, are 
held together by bonds, and are in motion). Introducing a particulate model of 
matter at this juncture makes sense because it may be the only satisfactory way, 
reconciling theory with perception, to explain changes of state, the conservation 
of stuff across them, and why gases can be material and yet invisible. A 
particulate model better explains the expression “made of” and why objects of 
different materials differ in heaviness for size. Finally, the fifth grade curriculum 
would be a suitable context to begin developing an explicit understanding of 
modeling.  
 We decided to take Approach 2. A focus on density (Approach 1) would have 
enriched and entrenched the student understanding of the relationship between 
weight and volume, and the idea that gas has much lower density than solids and 
liquids. Overall, the density approach would have offered a more complete set of 
the core concepts relevant to understanding matter at the macroscopic level. 
However, we thought an ontological reconceptualization of matter as particulate 
and including gases (Approach 2) would be more immediately accessible to 
students and would also provide the most pay-off or “legs” from a scientific 
perspective. The understanding that matter is fundamentally particulate, gases are 
matter, and mass is conserved, combined with the development of the 
epistemology of modeling, has extremely wide-ranging implications. This 
approach introduces students to a productive new framework for thinking about 
matter. Additionally, the phenomena students explore in this approach might be 
“newer,” more surprising and interesting, and more in line with some 
expectations in their existing science curriculum. Last but not least, the approach 
prepares students for later study of density. If they have used the particulate 
model to account for the compressibility and behavior of gases, they will have 
visual representations that make it easier to understand density when it is studied 
formally. 
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 Summary of the stepping stones. We are on new and exploratory ground in 
introducing the particulate model at the fifth grade level. We continue to ask: (1) 
What prior experience do students need in developing, using, and analyzing 
models?; (2) What set of elements should be included in a particulate model?; (3) 
How should these elements be introduced in a way that deepens students’ 
epistemological understanding of models (e.g., their revisable nature and their use 
as tools of inquiry) and of phenomena too small to see? Our observations in Grade 
5 classrooms suggest that the 3-year emphasis on matter as decomposable into 
arbitrarily small pieces lays the groundwork many students need to understand 
matter as made of particles.  
 Table 2 shows the Grades 3–4 and the Grade 5 stepping stones that were the 
targets of the Inquiry Project Curriculum. We imagine that, when the Inquiry Project 
Curriculum includes a pre K-2 section, some third grade and fourth grade content 
may move to earlier grades. As a result, there will be time to teach the whole Grade 5 
stepping stone (i.e., to include density). In this revised curriculum, while the 
particulate model may precede density for the reasons stated above, both the model 
and the density concept could be taught together. Whether one approach is better than 
another is an empirical issue.  
 We conclude this section by noting that, although it may seem there are 
numerous curricular options for each grade, this is not so in our theoretical 
framework. Once the constraints imposed by the cognitive mechanisms of 
conceptual development are taken into account, the number of options decreases 
dramatically. In the next section we argue that the order in which core concepts 
should be introduced (and therefore which core concepts should be focused on in 
each grade) is also constrained by the mechanisms of conceptual development. 

Challenges in Deciding in What Order to Introduce Core Concepts: Lever 
Concepts 

Our descriptions of the Grades 3–4 and Grade 5 stepping stones, as we structured 
them around core concepts, only established broad learning goals. Before writing 
the curriculum, we had to decide on the order of the introduction and revision to 
those core concepts. How would we make this decision?  
 Challenges arise from the multiplicity of the conceptual changes that must be 
coordinated. The reconceptualization of matter from continuous to discontinuous, 
as explained in the Introduction, gives a flavor of the complexity involved. First, 
concepts change in small steps; the ordering of these steps must be optimized. 
Second, concepts cannot be revised in isolation; by nature, conceptual change is a 
change in beliefs (i.e., in relationships among concepts). For example, the change 
from “air has no weight” to “air has weight” is a change in belief that requires and 
amounts to the reconceptualization of both air and weight. Third, conceptual 
changes are interdependent. We have mentioned that understanding that gases 
share significant similarities with solids and liquids requires that student have made 
some important revisions in their concept of weight. Further revisions to the 
concept of weight, however, depend on a more advanced concept of matter. For 
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example, reconceptualizing weight as a gravitational force is only possible when 
the concept of mass is understood or perhaps as that concept is being developed.  
 Therefore, curricular units should foreground relationships among concepts 
(rather than focus on one concept at a time, completing work on it before moving 
to the next, as current curricula often do.) Given that each curricular activity should 
focus on one conceptual relationship at a time, and that those relationships are not 
yet in their scientific form, core concepts have to be revisited several times across a 
grade range, and sometimes within one grade, in different combinations and in 
different contexts. The order of these “visits” is important, with some conceptual 
relationships more amenable to change early on than others. 
 Which conceptual relationships are third graders more likely to revise 
productively? We propose that these are the relationships between core concepts 
that are already “mental units” (i.e., concepts with rich content in the lower anchor) 
that allow students to make sense of a variety of experiences in a relatively 
consistent way. These core concepts, which offer many contact points with 
instructional materials, help students “break into” the new system of ideas (the 
stepping stone) in several ways. Thus they offer multiple sources for conceptual 
changes. Relationships between these core concepts can be brought significantly 
closer to their form in the stepping stone in a relatively short period of time; at the 
same time, they constitute important revisions of the core concepts. For example, 
linking weight to amount of material is an important revision of the concepts of 
weight and material. Once revised, these core concepts may enter into the 
productive revision or the construction of other core concepts (e.g., revised 
concepts of weight, size, and amount of material enable the differentiation of 
weight of objects, heaviness of materials, and volume). These core concepts 
provide the “most bang for the buck.” We call them lever concepts.  
 A lever concept has a temporary and shifting status, defined relative to its role in 
the knowledge progression from one stepping stone to another. Hence, the concepts 
that function as lever concepts in moving from the lower anchor to the Grades 3–4 
stepping stone are different from those central to moving from the Grades 3–4 
stepping stone to the Grade 5 stepping stone. There are three criteria a core concept 
must meet in order to qualify as a lever concept for a particular transition: (a) it is 
already present as a distinct mental unit at the beginning of instruction where it is 
involved in relevant generalizations about the world; (b) it requires 
reconceptualization in order to be integrated coherently in the target stepping stone; 
and (c) its reconceptualization supports the revision or construction of other 
concepts in the target stepping stone. In the next section, we explain why we chose 
size, weight, material, and amount of material as lever concepts for Grades 3–4, 
and why we chose solid and liquid materials, particle, and heavy for size as lever 
concepts for Grade 5.  
 Ultimately, whether a core concept functions as a lever concept is an empirical 
matter. If sufficient research exists, it is possible to determine which concepts are 
rich in pedagogical possibilities and require reconceptualization. However, it is only 
possible to hypothesize whether these concepts can be revised successfully in a 
reasonable amount of time and whether they will drive the revision or construction 
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of other concepts. For example, the literature on young children’s concepts of 
weight and some specific materials is sufficient to justify tackling those concepts 
first. Yet there is no way to predict how long it takes third graders to develop an 
objective, extensive concept of weight and a concept of material such that these 
concepts can contribute to constructing other concepts. Therefore, a challenge in 
designing the Inquiry Project Curriculum, was that we had to be ready to change our 
plans for one grade based on classroom experiences in the preceding grade.  
 Lever concepts in Grades 3–4. In many elementary and middle schools, 
instruction in solids, liquids, and air begins with definitions. (“Air is a gas. Solids, 
liquids, and gases are matter.”) We explained in the Introduction why we think this 
approach fails (see also Johnson and Papageorgiou, 2010, for another critique of 
this approach). Even when taking a more step-by-step approach, we argue 
instruction should not begin with solids, liquids, and air (i.e., they are not lever 
concepts for the third grade). Children’s conceptual understanding of solids, 
liquids, and air is too distant from the content of the stepping stone; many other 
concepts need to be in place before solids, liquids, and air can act as precursors to 
matter. Children know a lot about different solid objects and some liquids but little 
about solids and liquids as categories. Moreover, they think of solids and liquids as 
very different (some think liquids do not have weight) and think air is “nothing.” 
Relating these concepts to each other too early in the curriculum does not help 
children learn new, productive relationships among the concepts because they have 
nothing to build on. In particular, as we have argued in the chapter, until students 
believe that any amount of liquid or solid material has weight, understanding that 
air is material is very difficult.  
 Weight, size, material, and amount of material, on the other hand, have a 
much richer initial set of connections that children can build on–connections to 
each other and to the physical world. Many two-year-olds know the word 
“heavy” (Hart & Risley, 1999; Wiser, Citrin, Drosos, & Hosek, 2008). By age 
three, many children can compare weights qualitatively by hefting (Wiser et al., 
2008). Many four-year-olds have established empirical relationships between 
weight and size (bigger things are heavier) and between weight and some 
materials (steel objects are heavier than wood objects) (Wiser et al., 2008). Heft 
generalizes to “pushing on objects.” For example, if A feels heavier than B, 
young children expect that A will tilt a pan balance scale and that A is more 
likely than B to break a small foam bridge (Metz, 1993; Smith et al., 1995; Wiser 
et al., 2008). Kindergartners’ knowledge of specific solid materials (e.g., wood, 
plastic, metal) includes properties that are characteristic of materials in a 
scientific theory (e.g., hardness). Therefore this knowledge lends itself to 
productive generalizations (e.g., some materials are harder than others) (Wiser & 
Fox, 2010). Second graders know that the amount of solid or liquid material 
remains constant as a sample changes shape and nothing is added or removed. 
They also link weight and amount in the sense that adding clay (e.g., to a clay 
ball) makes it “more clay.” Finally, they know about size: they can qualitatively 
judge relative lengths and areas, and whether an object will fit into a particular 
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box or go through a particular hole. However, they are not always clear about the 
difference between length and area and do not have a concept of occupied 3-
dimensional space.  
 We assumed that with an appropriate set of learning experiences, the third 
graders in our study could advance from measuring weight by heft to measuring it 
quantitatively. We also assumed they could relate weight to amount of material and 
could develop a concept of material as an ontological category (kind of stuff things 
are made of) and as related to weight (when objects of the same size are compared, 
those made of some materials are heavier than those made of other materials). 
These new conceptual relationships bring the concepts of weight, material, and 
amount of material closer to the concepts in the Grades 3–4 stepping stone. We 
also assumed that drawing on their informal understanding that physical objects 
occupy space and vary in both their size and weight, fourth graders would 
understand that water displacement depends on the size, rather than the weight, of 
the object, and would begin to construct a measurable objective concept of volume 
as occupied space. Thus size, weight, material, and amount of material are the lever 
concepts in reaching the Grades 3–4 stepping stone. In contrast, the concepts of 
volume and heaviness for size (a precursor of density) are new concepts 
constructed as part of achieving the stepping stone, but they are not lever concepts 
(because they were not present as distinct concepts in the lower anchor). 
 Lever concepts in Grade 5. We assumed that, by the end of Grade 4, 
students’ knowledge about solids and liquids would have been reconceptualized in 
major ways, and include the general concept material. Objects are made of (in the 
sense of constituted of) certain types of materials. These materials have specific 
properties, not all of them perceptual; liquids are specific kinds of materials. We 
also expected that students would have developed a concept of particle (from 
repeatedly dividing chunks of material physically and mentally) that included the 
belief that any piece of material has weight and occupies space. Implicit in such 
knowledge about solids and liquids is a new concept of matter – “what has weight 
and occupies space” (distinguished from “what can be touched and seen”) and 
“exists in the form of different materials.” 
 These concepts of material and particle fit the criteria of lever concepts for the 
fifth grade: they are rich and salient and require (further) revision. As they develop a 
particulate model of matter, students realize that the same material can sometimes be 
in solid, liquid, and gaseous form, and that particles of material are not merely 
emergent (when you grind things), but are pre-existing microscopic pieces that have 
characteristics not observable at a macroscopic level (e.g., spaces between particles, 
motion). The revised concepts of material and particle enter into the construction of 
the new explicit concepts of matter and mass that are part of the Grade 5 stepping 
stone. Heavy for size is also a lever concept in the fifth grade. We assumed that the 
fourth grade curriculum would make this concept more explicitly differentiated from 
weight in the context of solids and liquids. In the fifth grade, this lever concept, 
which may be generalized to samples of gases and explained by a particulate model 
of matter, prepares students for the study of density in middle school. 
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 We believe the construct of lever concepts can be applied effectively to other grade 
ranges. For example, in the pre K-2 grade range, amount of material and solid 
materials are good candidates for lever concepts (they continue as lever concepts in 
Grade 3). In the Grades 6–8 range, matter and mass become lever concepts in addition 
to those in Grade 5.  

Challenges in Designing Learning Experiences That are Meaningful and 
Productive 

As we noted in the Introduction, there are challenges in designing meaningful and 
productive learning experiences. How can one present meaningful information to 
students, i.e, that can be interpreted in terms of their existing concepts and beliefs, 
and at the same time change those concepts and beliefs to make them more 
compatible with scientific knowledge? Recall that lever concepts such as weight, 
size, and material exist in the lower anchor in “recognizable form” but are 
incommensurate with their scientific counterparts. Constructing a scientific 
meaning for one term (e.g., weight) depends on constructing scientific meanings 
for other terms (e.g., material). This in turn implies revising many of the 
relationships among the initial concepts as well as between them and other 
concepts (e.g., hardness, heft, liquid, and solid). It also implies constructing 
(almost) entirely new concepts (e.g., volume).  
 Our overall strategy is to reduce the incommensurability gap between students’ 
and scientists’ knowledge networks progressively and coherently. Stepping stones 
use this strategy for coordinating curricula across grade ranges by identifying 
useful “intermediate” goals between the lower (kindergarten) and upper (Grade 8) 
anchors. These stepping stones are relatively coherent and hence provide new 
equilibrium points in the knowledge network. We now focus on the challenge of 
using the “small-step but coherent strategy” within a grade. Small steps are not 
enough. Given the heavily interconnected nature of knowledge about matter, the 
new small pieces of knowledge must be integrated. Moreover, ideally these small 
pieces should be integrated as they accumulate and develop so that their integration 
does not result in a “big conceptual surprise” (e.g., “What do you mean hefting is 
not a good way to measure weight?”). 
 We propose that achieving this progressive integration and transformation 
within a grade involves engaging students in progressive cycles of model 
construction and revision, and in threading instructional experiences around key 
representations. These key representations are mental models and external 
symbolic tools that support reasoning about physical quantities and conceptual 
change. A central challenge to our approach involves identifying these key 
representations and then using them in the curriculum. We highlight them as 
distinct components in LPM because we think they are critical components in 
conceptual change that are frequently overlooked as important targets of 
instruction in traditional science curricula.  
 For example, in the Inquiry Project, we identified the compositional model of 
material as key to the overall reconceptualization of materials as underlying 
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 In this section, we begin by examining two cases in some detail—one involving 
weight where we were reasonably successful in using measure lines as key 
representations and one involving volume where, for a variety of reasons, we were 
less successful. Our initial step may have been too large in the second case. The 
new representations we introduced may not have been as meaningful for students 
as we thought, and we may have overlooked other new representations that should 
have been included. We also discuss the potential for generalizing this approach to 
other age groups. 
 As part of this discussion, we include some results from a three-year 
longitudinal study of two cohorts of students at two schools. The traditional 
school curriculum is used with one group (the Control students); the sequence of 
units in the Inquiry Project Curriculum is used with the second group (the 
Treatment students who are a year behind the Control students). A subset of 
students in each group participated in the same intensive two-hour, individual 
interviews that probed their understanding of a number of concepts (e.g., matter, 
material, weight, density, length, area, volume, ratio, proportion, number) in 
diverse ways at multiple time points. The Treatment students were interviewed 
before the start of the Inquiry Project Curriculum and at the end of third, fourth, 
and fifth grades. The Control students were interviewed at the end of third, 
fourth, and fifth grades. 
 Example 1: Threading instruction around the weight measure line to 
facilitate the reconceptualization of weight as an extensive quantity in the 
third grade. Two main topics of our third grade curriculum were the 
extensivity of weight and the nature of good measurement. Weight is an 
important aspect of children’s physical world. By the time they enter third 
grade, students have learned many relationships between weight and other 
physical concepts that can be used in the curriculum. However, for the majority 
of third graders, hefting is privileged as a way to measure weight—how heavy 
an object feels is how heavy it is. Thus weight is not extensive in the lower 
anchor. Twice the amount of material does not (reliably) feel twice as heavy, 
Styrofoam weighs nothing, and tiny things weigh nothing so adding small 
amounts to something does not change its weight. Although some third graders 
may realize that balance scales can be used to compare the weight of objects, 
few of them understand how to use those scales to “measure weight,” or the 
underlying logic of weight measurement. 
 It is a mistake to think that learning about the extensivity of weight is achieved 
simply by adding or combining new knowledge (e.g., about measuring weight with 
a balance scale) with the heft sense of weight. “Combining” suggests enriching 
existing knowledge. In the case of lever concepts, existing knowledge needs to be 
transformed as well as enriched. Simply showing that heavier objects “make one 
side of the balance scale go down” adds little to students’ knowledge of weight. If 
a conflict is introduced (e.g., using a small piece of steel that feels heavier than a 
big piece of wood, but actually is lighter), some students may simply ignore the 
conflict—the object that feels heavier is heavier and “I don’t know how a scale 
works”; others may try to explain why the “lighter” object makes the scale go 
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down (e.g., by invoking the idea that size affects the scale as well). Clearly, 
learning the steps involved in using a scale does not bring the students closer to a 
scientific concept of weight. Identifying the difference between scale weight and 
felt weight is only a first step in the complex process of reconceptualizing weight 
as an extensive quantity. The scale is one tool for reconceptualizing weight. The 
weight measure line is another. Carefully sequenced activities using both tools in 
interaction allow students to coordinate multiple discoveries and insights and to 
integrate the new with the old. 
 Measure lines scaffold the reconceptualization of weight (and later, volume) in 
the Inquiry Project Curriculum. They are representations, not concepts. Although 
they are not part of the lower anchor, once introduced, they make (some) sense. 
They are constituted during classroom activities from knowledge elements in 
different domains and are sources of thought experiments, inferences, and 
discoveries about the physical variables they represent. Through guided inquiry, 
they come to progressively express structural aspects of concepts and/or 
relationships between concepts in the upper anchor. Without them, hands-on 
experiments and observations would enrich the knowledge network in the lower 
anchor but would not move it toward the upper anchor.  
 In the sub-sections below, we identify the elements that we recruited from the 
lower anchor in constructing an understanding of a weight measure line. Then we 
analyze the individual steps in this process and how the use of the weight 
measure line facilitated the integration of these steps as well as the discovery of 
something new.  
 Overview: Elements recruited from students’ lower anchor to construct, use, 
and learn from using a scale and a weight measure line. Hefting and using the 
balance scale are two productive entry points for revising children’s concept of 
weight. Using a pan balance scale to establish whether two things have the same 
weight, and if not, which is heavier is intuitively obvious to third graders. They 
understand that objects push on other things as they push on their own bodies. It is 
also obvious to third graders that two identical things are heavier than one, and that 
adding stuff to an object increases its weight (as long as the piece you add is big 
enough). 
 Third graders also know about integers. They have an implicit understanding 
of cardinality—the last count word represents the cardinality of a set (i.e., it 
tells you “how many objects there are”). They know that if you combine two 
sets of objects, you can compute how many objects there are by adding the 
numbers of objects in each set. They can also represent integers on a number 
line. 
 All these pieces of knowledge in the lower anchor can be organized and 
coordinated by involving students in measuring weight using a pan balance 
scale and representing their measurements on a weight line. The weight line can 
then be used to support computations and inferences. Coordination and 
inferences are sources of genuine new knowledge about weight and its 
reconceptualization. 
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 Steps 1 and 2: Linking felt weight and scale weight by constructing a weight 
line. In the third grade Inquiry Project Curriculum, the weight line begins as an 
actual linear array of objects (density cubes)10 arranged according to increasing felt 
weight (Step 1 in Figure 2). Uncertainties about some pairs of cubes motivate the 
use of a pan balance scale. Students readily relate the function of the scale to their 
own hefting, a similarity that helps establish the pan balance scale as a good way to 
compare weights of objects. As they realize that the pan balance scale is both more 
sensitive and more reliable than hefting, their focus switches easily to arraying 
objects according to comparisons with the pan balance scale. The concept of weight, 
at this point, is enriched because “The scale hefts more accurately than I do.” The 
weight line displays weights ordinally, without numbers (see Step 2 in Figure 2).  
 The next investigation ups the ante—children move from the question of which 
cube is heavier to the question of how much heavier. This question cannot be 
answered without quantifying weight. Very problematically, the question is 
relatively vague or metaphorical until weight is measured in terms of units and the 
meaning of “no weight” is related to those units. The lower anchor concept of 
weight lends itself to qualitative comparisons only—A is heavier than B, and B is 
heavier than C—and is judged holistically—how heavy an object feels—rather 
than as the sum of identical weight units. This is in part because weight is not yet a 
property of amount of material—it is not extensive. Thus the quandary arises: the 
question is meant to lead to quantification of weight, which will give it extensivity, 
but the question does not make much sense unless extensivity is in place. 
 How can classroom activities around a question that students cannot fully grasp 
be productive? It is the joint use of the pan balance scale and the weight measure 
line that shapes the meaning of the question in a series of progressive steps 
outlined in the next section. Shaping the question goes “step in step” with 
reconceptualizing weight. 
 Steps 3 and 4: Measuring weights with weight units and using the weight 
measure line. We start with activities using the pan balance scale and non-
standard units—plastic bears, paper clips, and washers (Step 3 in Figure 2). These 
activities help third grade students discover the need for a uniform and shared 
system of weight units (Step 4 in Figure 2).  
 Measuring the weight of a density cube with a pan balance scale and non-standard 
units can be understood with the lower anchor concept. How many plastic bears have 
the same weight as the cube? (i.e., “How many bears does it take to balance the 
cube?”) is a meaningful question for a student who has the lower anchor weight 
concept. The “weight” part of the question (making the weights equal) is qualitative. 
The answer—“7 bears”— is quantitative, but it is not weight that is quantified (yet). 
Rather, it is the number of bears with a weight equal to the weight of the cube.  
 The number of bears can be displayed on a number line, a process familiar to 
young students. But the line is already a weight line because it has been used to 
represent the qualitative ordering of the weight of the cubes. Without knowing it 
explicitly, students are blending, in Fauconnier and Turner’s (2003) sense, a 
number line and the qualitative weight line. That is, they are applying the 
properties of numbers (at first, of integers) to weight. 
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 A first reconceptualization involves the weight line and language. The teacher 
shifts the emphasis from “How many bears have the same weight as the cube?” to 
“What is the weight of the cube in bears?” and then to “What is the weight of the 
cube? “Seven bears.” This shifts “bear” as an object with a certain weight to “bear” 
as a weight unit. As the meaning of “bear” shifts, students are developing a sub-
concept of weight—the beliefs that weight can be measured with a pan balance 
scale and that it can be assigned numbers give weight an extensive and quantifiable 
aspect. This sub-concept is compatible with the concept of weight in the lower 
anchor (the blue cube feels heavier than the green cube, therefore it makes its side 
of the balance scale go down) and enriches it (the weight of the blue cube in bears 
is greater than the weight of the green cube). 
 Once this first reconceptualization occurs, using a pan balance scale to measure 
weight in grams is a meaningful activity. (Without scaffolding using non-standard 
units first and without the weight line, the same activity might been a routine with 
shallow meaning.) Students use a set of gram weights to measure the weights of the 
density cubes. Students then place the density cubes along the weight line, 
according to their weights in grams (Step 4 in Figure 2). They can now discuss the 
question “How much heavier (or lighter) is one object than another?” much more 
meaningfully. 
 Step 5: Drawing inferences from the weight measure line. Students can start 
exploring new questions. Are there objects that are just one-gram difference in 
weight? Can objects be less than a gram apart? Are there objects that have a weight 
“between” the weights of the objects on the weight line? The fact that there are 
other weights “between” the weights of the density cubes becomes more apparent 
as children imagine cubes made of other materials (e.g., clay, soap, stone, glass, 
brick, concrete) and speculate where their imaginary cubes might be on the weight 
line and why. These activities enrich the new sub-concept—the extensivity and 
quantifiability of weight—and the meaning of weight units. They also help develop 
the notion that weight is a continuous variable (an issue not addressed in this 
chapter) by helping students see that there can be weights between any two points 
on the line. 
 To help students appreciate the additive nature of weight, teachers can ask 
students, “How much weight would need to be added to the pine cube to have it be 
the same weight as the oak cube?” Although this question is similar to the one 
asked earlier (“How much heavier is the oak cube than the pine cube?”), the 
question might be answered directly and empirically using the pan balance scale. 
Place the pine cube in one pan, the oak cube in the other pan and see how many 
grams need to be added to the pine cube to balance the scale. It can also be 
answered by using the weight line, although how to do so is not obvious and is 
challenging for many students. The isomorphism between (a) physical actions with 
cubes, grams, and the pan balance scale and (b) counting line segments and reading 
marks on the weight line gives the weight line its “measuring” meaning. In other 
words, students develop the implicit understanding that the conclusions one 
reaches by reasoning with the weight line are true of the real world. They learn to 
validate the weight line as a model of weight. 
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 More generally, students will internalize the structure of the weight line as the 
quantified structure of weight. One weight unit is represented by one line segment 
on the weight line. The weight of an object is represented by as many contiguous 
line segments as there are grams balancing the object on the scale. When the 
student reads, “The weight of this object is 15g” from the mark on the line, the 
student realizes it is the sum of 15 weight units.  
 Step 6: More inferences from the weight measure line and the discovery of the 
relationship between weight and material. As students become accustomed to 
thinking of weight along the weight line, interesting questions arise about smaller 
and smaller pieces of material. For instance, many students do not immediately 
understand that there can be values on the weight line between, for example, 3 and 
4 grams, or more interestingly, between 0 and 1 gram. The visual representation of 
weight makes this idea graspable, especially if it is linked to the idea that a more 
sensitive scale would discriminate between these different weights. 
 Can one make pieces of stuff small enough that they weigh nothing? Students 
break a 4-gram piece of playdough into two pieces, place one piece on the 2-gram 
mark, then divide it again, place a piece on the 1-gram mark, and so on, closer and 
closer to the 0 mark. This leads to questions for discussion: “Will you ever reach 
0?” Do you think a tiny piece could weigh nothing at all?” The weight line is part 
of the discussion. Representing 1 gram with a larger line segment allows students 
to keep dividing the playdough further. The weight line is also linked to the real 
world—a very sensitive scale would detect a very small piece. Many students 
conclude from these (and other) activities that indeed, any tiny piece must have 
weight. 
 Weight line discussions also help give meaning to the zero point. For example, 
we found it is not initially obvious to students that weight lines begin at 0. Some 
students think light objects weigh less than 0. Furthermore, when students consider 
what happens with repeated division, some students, who confuse repeated division 
with repeated subtraction, reach negative numbers. Part of the confusion is with 
students’ understanding of fractions, numbers, and division. These weight line 
discussions are an important context for grounding the meaning of fractions and 
division operations. In addition, if weight is tied to amount of matter, the 
connection motivates student thinking that something could have no weight only if 
there was no matter. (See also Carraher, Smith, Wiser, Schliemann, and Cayton-
Hodges (2009) for additional discussion of issues about how children 
conceptualize weight, length, and number as dimensions, including the specific 
role of number and measure line representations.) 
 Interim conclusions: Weight line as a tool for reconceptualization. Both 
classroom observations and post-interview data in our study suggest that the 
sequence of activities and the discussions were productive in helping children think 
about weight in new ways. The weight line linked felt weight and scale weight 
while privileging scale weight and linking elements of weight measurement to 
knowledge about numbers and counting. The weight line also linked dividing an 
amount of stuff and dividing a line segment on the weight measure line, thus 
supporting the idea that even tiny pieces weigh something and that the weight line 
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starts at 0 (when there is no stuff). Indeed, by the third grade post-test, 60% of the 
Treatment students now confidently argued even tiny pieces of clay must weigh 
something and must take up space (versus 11% of the Control students and 7% of 
the Treatment students at pre-test). This strongly indicates that weight was now 
more centrally linked to amount of material than hefting. Furthermore, this 
reconceptualization of weight was stable and contributed to other productive 
changes, such as the beginning of a strong precursor concept of density by the end 
of Grade 4 (Smith et al., 2010). 
 Example 2: Using cubing as a tool for constructing a 3-D understanding 
of volume. While students successfully integrated their learning experiences 
about weight, developing their understanding of volume proved more difficult. 
There was ample evidence in our pre-interviews that third graders lacked an 
understanding of the concept of volume. They either did not know the word 
“volume” or did not know it referred to occupied, 3-dimensional space. In 
asking the following question, “Which (of two rectangular prisms) takes up 
more space?” the interviewer gestured with her hands, encompassing a 3-
dimensional region of space. The question was interpreted as “occupying more 
area on the table.” When asked to use a set of cubes to measure which prism 
took up more space, most children used the cubes to measure lengths or areas. 
They certainly had a concept of “big,” but it had multiple, non-differentiated 
meanings—tall, long, wide, occupies a large area, is difficult to carry, and 
presumably “won't fit in a small (physically bounded) space such as a trunk.” 
But they did not seem to understand that an object occupies an unbounded 
region of 3-dimensional space. When questioned about water displacement, 
almost all the third graders thought that the heavier object would make the water 
level rise more (although the two objects were identical sizes, i.e., had the same 
height and diameter). Almost all students said that when a clay ball was 
flattened into a pancake, it now took up/filled up more space, pointing to the 
areas (Smith et al., 2010). Thus we propose that volume, unlike weight, does not 
exist in the lower anchor. The challenge here is to build on existing concepts 
(weight, amount of material, various meanings of “big”) in order to construct an 
entirely new concept. 
 Our first attempt at teaching volume was at the end of our third grade unit. 
Students compared how much space objects with visibly different volumes took 
in a paper bag and placed the objects along a volume measure line. Then we 
invited the students to construct little replicas of four regular solids from small 
cubes in order to determine “how much space” each took up. (The four regular 
solids had different dimensions and shapes but were not visibly different in 
volume). One hypothesis was that “cubing” the solids by building little replicas 
would show students they were not measuring length or area. Rather, they were 
stacking cubes along three dimensions, and the number of cubes was not related 
to any single dimension. Moreover, comparing the number of cubes would give 
them a sense that volume is an attribute of objects quantified by a number of 
equal sized, 3-dimensional objects, thereby increasing their understanding of the 
three-dimensionality of volume.  
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 Unfortunately, both classroom observations and post-interview data showed that 
we greatly overestimated how meaningful these activities would be for the third 
graders. In class, the students used the cubes in many, very imaginative ways other 
than building replicas of the regular solids. Typically they placed the cubes along one 
dimension or one face, or “encased” the object with cubes. Although teachers worked 
with students and showed them how to use the “correct” strategy for making replicas, 
it was not clear that the students understood why this was a better strategy or what 
they were really trying to measure. In retrospect, cubing was nothing more than 
building a copy of an object with cubes. Unsurprisingly, our third grade post-
interviews revealed that the students showed limited progress in using cubes to 
measure the volume of two regular solids. There was no (statistically significant) 
difference between the Treatment group and the Control group.  
 These results occurred despite our use of similar sequence of experiences for 
weight in which we first drew on comparison of objects with visibly different 
volumes and then built a case for measurement when the difference between two 
objects, with similar volumes, cannot be determined by sight. However, this ignored 
some profound differences between volume and weight: weight was already a clear 
“unit of thought” ready to be linked with the scale because a scale works as hefting 
does—heavier objects push on it more. This in turn provided meaning to weight units 
and to scale “reading”: the number of weight units could be linked to students’ 
concept of weight and helped make it more scientific. In contrast, there was no 
distinct “unit of thought” corresponding to volume to link cubing to; unfortunately, 
cubes can be used to measure length, height, perimeter, and area, which are all 
conflated in “big.” Our “step” was too large; we were unable to connect with what 
children already knew in a productive way11 because the number of cubic centimeter 
(cc) cubes did not make contact with a precursor of “occupies 3-dimensional space.” 
Measure line representations are effective in highlighting the extensivity (and 
dimensional nature) of a quantity children are initially treating categorically or 
ordinally; thus, they do not address the fundamental problem the children had with 
volume—understanding the quantity referred to in the first place.  
 We suspect that our cases for volume and weight had different results because 
of the nature of children’s experiences with objects. First, weight is relevant in 
many familiar activities—wondering, “Am I strong enough to move this from here 
to there?” or in hearing parents’ admonitions, “This is heavy, don’t drop it!” or in 
observing that heavy adults squash toys when they accidentally step on them. 
Second, heft is an explicit aspect of human haptic experiences whereas volume is 
not; we are explicitly aware of the width and cross section of objects because we 
take them into account when we grasp and hold objects. However, grasping and 
holding objects usually does not require information about their volume.  
 We revisited volume in our Grade 4 unit on Earth materials. In this unit we 
provided students with a richer, broader, and more scaffolded range of experiences 
aimed at developing a sense of occupied 3-dimensional space in interaction with 
measuring amounts of liquid, granular, and solid materials. Students first compared 
the weights of samples of different granular and liquid materials that reached the 
same height in containers of the same size and shape. In this exercise they learned 
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because other curricular units showed them that liquids are importantly similar to 
solids (liquids have quantifiable weight and amount and can be “broken down” into 
small pieces). Understanding the greater similarity of solids and liquids therefore 
allowed students to think of a water sample as an object and to extend their childhood 
belief that “two (solid) objects cannot be in the same place at the same time” to “an 
object in the beaker cannot be in the same place as the water.” They could also 
establish the correlation, “Bigger rocks make the water rise higher.” Integrating these 
two conclusions leads to the understanding that “bigness” refers both to the size of 
the rock and the space the rock occupies in the water. Students learned to measure the 
space occupied by the objects they placed in water by the number of cc’s of water 
displaced. The number of cc’s of water displaced became a measure of an attribute of 
the objects placed in the water—their volume.  
 By the end of the fourth grade, students in the Treatment group performed 
significantly better on the volume measure tasks and water displacement tasks in 
our clinical interviews than the Control students. Treatment students scored 40% 
and 58% for volume measure tasks and water displacment tasks, respectively. 
Control students scored 11% and 15% for volume measure tasks and water 
displacement tasks, respectively (Smith et al., 2010).  
 Of course, by the end of the fourth grade, many Treatment students still 
confused volume measurement with other spatial measures (especially the area of 
the face of a cube or its total surface area). This confusion suggests the curriculum 
design can be improved. To improve the design, we are considering revisions to the 
sequencing of activities. We could start with displacement activities before we 
introduce formal measurement of volume. We could then link these activities to the 
gradual development of new forms of symbolization (e.g., having children 
construct and discuss 2- and 3-dimensional drawings, including drawings linked to 
water displacement). We think that involving students in constructing their own 
drawings, although a challenging task for them, may encourage higher-level 
analysis and reconceptualization than simply working with cubes. 
 Other valuable key representations at earlier and later grades. Identifying key 
representations (including new forms of symbolization) that are pedagogically 
effective for earlier and later grades presents its own challenges. Exactly what 
aspects of reconceptualization does a key representation address? How do different 
forms of representation interact in the process of reconceptualization, or build on 
one another over time? 
 Representations that support reconceptualization may not be obvious, especially 
in the early elementary school years. See Acher and Arcà (2006) for interesting 
examples of early forms of representation in very young children, including 
gesture, body movement, and drawings. Richard Lehrer (and colleagues), David 
Carraher, and Analúcia Schliemann have presented other ideas about key 
representations that may be important to develop in young children (e.g., Carraher, 
Smith, Wiser, Schliemann, & Cayton-Hodges, 2009; Lehrer & Pritchard, 2002; 
Lehrer & Schauble, 2000; Lehrer et al., 2001; Schliemann & Carraher, 2002). We 
share their view that mathematics and science need to be closely linked from the 
beginning of schooling. A major difference between the third graders’ concepts 
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and scientific concepts is that scientific concepts (mass, weight, force, density) are 
measured quantities or include quantification (e.g., materials are characterized by 
their melting points). The “small-step” approach almost dictates that students work 
on quantification very early in their schooling. One challenge therefore is to find 
ways to make quantification meaningful in the early grades and to specify the role 
visual representations play in that respect.  
 For older students, particulate models of matter are relatively obvious 
representations (e.g., Johnson, 1998; Margel, Eylon, & Scherz, 2008; Merritt & 
Krajcik, 2009; Nussbaum, 1997; Snir et al., 2003). Johnson’s longitudinal studies 
illustrate the importance and challenge of specifying the elements that should be 
included in an initial model. These studies also show how to make the model 
progressively more complex. Another important representation is the periodic table 
of elements.12 It is one thing to display the table in its final form and another to see 
it as a tool to be developed and co-constructed progressively. IQWST13 starts 
linking discussions of the periodic table with beginning particulate models as early 
as Grade 6 and then deepens children’s understandings in the next two years 
(Shwartz, Weizman, Fortus, Krajcik, & Reiser, 2008). How the progressive 
construction of particulate models of matter and representations of the periodic 
table can productively interact in the middle-school years is an important topic for 
conceptual change researchers to study. 

CHALLENGE 2: HOW CAN LP RESEARCH AND CURRICULUM DEVELOPMENT 
WORK HAND IN HAND? 

Most curricula are evaluated (at best) based on how well they “work” in large-scale 
field-testing. The criteria for “working” might include that the curricula were 
sufficiently well-specified that teachers could use them as intended, that both 
teachers and students liked using them, and that students made measurable learning 
gains when using them.  
 In contrast, the criteria for evaluating both LPs and their curricula are tied to 
ongoing (basic) research on children’s learning. Thus a LP approach to curriculum 
development calls for marrying sometimes conflicting goals and time scales for 
research and development. LPs are ultimately hypotheses about how knowledge 
develops and changes over time. They are generated from empirical research on 
students’ learning (or lack thereof), which depends on the curricula and other 
learning experiences. LPs are revised as follows: a LP is translated into a 
curriculum; if the curriculum is more successful than traditional curricula or other 
curricula based on other LPs, then that LP is supported as a viable characterization 
of how knowledge in a domain can evolve toward an understanding of scientific 
concepts. The curriculum is then supported as a viable tool to bring about that 
evolution. 
 We expect the findings from the Inquiry Project (such as those presented above) 
will inform the evaluation of LPM and the Inquiry Project Curriculum in three 
complementary ways. First, we will compare the pattern of relationships among 
different aspects of developing concepts in the Treatment group to those 
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hypothesized in the current version of LPM. Second, by comparing those patterns 
in the Treatment and Control groups, we will test the hypothesis that the Inquiry 
Project Curriculum is more effective in promoting reconceptualization in children’s 
knowledge of matter network. Third, the comparison of those patterns will inform 
an important issue about LPs—how many are there? In other words, are there 
multiple ways to reach the upper anchor? We suspect that students’ initial concepts 
strongly constrain knowledge acquisition in the same way across curricula with 
different learning goals. We predict we will find that if knowledge progresses 
toward scientific understanding, it does so in the same way in both groups. 
However, we also predict that progress will be more limited for Control group 
students and they may develop counterproductive ideas not found among the 
Treatment group students. In other words, we expect to find evidence that supports 
our view that the number of ways to link the lower and the upper anchors may be 
very limited. See Carraher et al. (2009) and Smith et al. (2010) for a description of 
some findings from the first two years of the study that relate to these issues. 
 Several challenges relate to the development of LPs and related curricula. One 
challenge is to limit the number of cycles of development/testing/revision this 
process requires. LPs, when constrained by a strong research base, are more likely 
to produce effective curricula at their first introduction. Iteration cycles are fewer if 
one can evaluate students’ knowledge after each grade in time to modify the 
curriculum for the next grade. We noted earlier that we overestimated our third 
graders’ initial knowledge about volume. Therefore, we took these limitations into 
account in developing the Grade 4 curriculum. Specifically, we realized that we 
had to foreground volume in Grade 4 and explore multiple aspects of volume in a 
series of interrelated investigations. 
 Another challenge in the development of LPs and related curricula relates to the 
time it takes to test and revise them for the whole K-12 grade span. One solution is 
to develop LPs for limited grade ranges (as in the Inquiry Project and the IQWST 
project) and to coordinate them later. In the domain of matter, this strategy has the 
additional advantage of testing some specific hypotheses embodied in the LPs. In 
the case of matter, integrating LPM with the middle school and high school matter 
LPs would allow testing the major tenet of LPM—building stronger macroscopic 
understandings of matter in elementary school facilitates the acquisition of AMT in 
middle school and high school. The problem this approach creates, however, is that 
the lower anchor of the higher-grade range of the LP is based initially on research 
among students who have not benefited from LP-based curricula in the previous 
grade range. Thus the curriculum for the later grade range, designed at first on the 
basis of that lower anchor, needs to be revised before being administered to 
students who have had the benefit of a LP-based curriculum in the earlier grades. 
We predict that such revision will be necessary in the Inquiry Project Curriculum 
after we have developed its pre-K-2 “prequel.” Moreover, if different researchers 
develop the different segments of a LP and curriculum in a domain, theoretical 
constructs and pedagogical methods may require considerable alignment.  
 Other important questions are: If the curriculum is successful, to what do we 
attribute the success? Conversely, if the curriculum is unsuccessful, should the LP 
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or the curriculum be revised? LPs are complex, multi-faceted hypotheses, and the 
curricula they inspire orchestrate many key elements for the promotion of learning. 
For this reason, it is difficult to isolate or test the factors that contribute most to 
their success. Indeed, it is highly probable that the orchestration of the elements, 
not the elements themselves, is the critical success factor. 
 Moreover, how do we measure success? Compared to what? Existing curricula? 
Alternative LPs? On what time scale? Most curricula produce some measurable 
gains but may involve long-term trade-offs. An important aspect of determining 
which approach gives “the most bang for the buck” is that one consider both short-
term and downstream consequences. Currently, we are assessing the effectiveness 
of the Inquiry Project Curriculum compared to the current curriculum (or standard 
of care) in the schools of our study. We hope we can do better than that standard of 
care. However, we recognize it may be some time before we can test any 
alternative LPs against LPM. 
 Of course, the criteria for evaluating LPs are not just empirical. Another way to 
evaluate our proposed LP framework is in terms of its fruitfulness or generativity. 
For example, do core concepts, stepping stones, and lever concepts yield important 
insights when applied to LPs for other age spans or other domains? Do LP 
developers find them productive frameworks? We are currently developing a LP for 
energy for the elementary grades; this work suggests that the answers may be a 
qualified “yes.” We found it very useful to organize our work around stepping stones 
working backwards from “What should eighth graders know about energy so that 
they benefit from high school science courses” to “What should fifth graders know 
about energy that will allow them to reach the eighth grade stepping stone?” to 
“What do young children know about…anything (!) that we can use to begin shaping 
concepts relevant for understanding physical phenomena in terms of energy?”  
 Those questions are more challenging for energy than for matter. The lower 
anchor in particular is an unknown. Young students know the word “energy,” but 
what they know may be difficult to build on or may even interfere with learning. For 
example, having been bombarded with messages about the need to conserve energy 
may get in the way of learning one of the most important principles about energy—it 
is conserved, no matter what. Similarly, lay expressions such as “food is fuel” and 
“burning calories” are, at best, unhelpful. One can explicitly address and attempt to 
dispel such beliefs, of course, but not until late in the curriculum. Re-interpreting “we 
need to conserve energy” in a scientific way requires understanding energy 
dissipation, stored energy, energy conversion, etc. Similarly, understanding the 
difference between burning fossil fuels and processing food requires some 
knowledge of chemistry. How does one deal with those initial beliefs in the 
meantime? (In contrast, one can build a scientific understanding of solids and liquids 
without using the word “matter” and therefore with less interference from 
nonscientific beliefs about matter.)  
 Like anchors and stepping stones, core concepts and lever concepts are very 
useful constructs for energy. However, it is much more challenging to characterize 
them than it is for matter. Some core ideas are controversial among scientists—
energy conservation may be on everybody’s list, but should one teach about energy 
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transfer or energy transformation? We suspect there may not be any lever concepts 
in the lower anchor because any knowledge in the lower anchor that we recruit and 
build on is not a direct, or even a recognizable, precursor of the “big ideas” about 
energy that make up the stepping stones. 
 Given that everything about energy is abstract, we suspect symbolic 
representations will play a large role in our curriculum. Again, it is one thing to 
borrow the idea from LPM, but another thing to implement it. Energy is a domain 
in which research and development will have to work together for a long time. 
Many iterations are needed. For example, we envision making educated guesses 
about core ideas (system, transfer, equilibrium, the relationship between energy 
transfer and change in a system, tracking energy in a system) and the sub-domains 
with which to start (perhaps heat and motion). We will begin our energy 
curriculum with developing curricular activities that will help us find lever 
concepts rather than beginning with a very good idea of what the lever concepts are 
and organizing the curriculum around them. Finally, it is still unknown how 
accessible we can make the big ideas to children in a different grade range.  
 The lesson we draw from the matter-energy comparison is that our theoretical 
approach and some of our specific solutions will be helpful in guiding our work 
with other LPs. However, we understand that core concepts, lever concepts, 
stepping stones and key representations take very different forms in different 
domains and therefore require much domain-specific research work. 

CHALLENGE 3: HOW CAN LP-BASED CURRICULA FIT WITH CLASSROOM 
REALITIES? 

The primary aim of the Inquiry Project is to examine a segment of LPM in which 
students strengthen their macroscopic understanding of matter and begin to 
develop a particulate understanding of matter (Grades 3–5). To support our study, 
we developed curriculum materials, formative assessments, and teacher 
professional development aligned with LPM. 
 Besides being the means to assess and then revise the curriculum and LPM, our 
longitudinal study provided a context in which to explore an important pragmatic 
question: Is LP-based learning doable within the realities of schools? We have 
learned that the answer depends mainly on three factors: teachers, time, and 
mathematical understanding.  
 Current science curricula are commonly topic-based. For example, students 
study weather, trees, and circuits. In contrast, a LP-based curriculum is concept-
based. A few critically important concepts are at the heart of such study. This 
conceptual focus seemed foreign and less tangible to the teachers involved in our 
longitudinal study who struggled to understand the concepts and to fully appreciate 
their importance. They often began with the same understanding the students had. 
Teachers thought, for example, that a copper cube would displace more water than 
an aluminum cube of the same volume because it was heavier. The perception that 
their understanding was at times fragile made the teachers tentative in their 
teaching. In the professional development meetings, we focused on the core 
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concepts, on how students encountered concepts in their learning, and on the 
difficulties students might have as they developed deeper understanding of these 
concepts. Yet, more support was needed. 
 For the LPM curriculum to be effective, teachers needed to think beyond the 
unit they were teaching. They needed to understand the full scope of LPM, the 
learning in the earlier grades, and the learning in the next grades. Knowing the 
broader landscape would help teachers connect to students’ prior experiences and 
foreshadow understandings that would develop in later grades. Throughout the 
project, third, fourth, and fifth grade teachers met and worked together to 
understand all three curricular units. 
 Teachers also needed to understand the nature of scientific inquiry: science is a 
discipline in which multiple ideas are explored and evaluated against evidence. For 
many teachers in our study, this understanding required them to shift from teaching 
to the right answer to helping students increase their knowledge using 
investigation, analysis of data, and discussion. We realized that our curriculum was 
better positioned for developing conceptual understanding than curricula focused 
on discrete topics; however, with our curriculum, whole class discussions 
frequently lost focus. Teachers reported that they were “fishing” for how to make 
the discussion coherent and productive. More support for facilitating productive 
discussions was needed to ensure that the learning opportunities added up. 
 We met monthly with teachers from our study schools. Together, we tried out 
learning experiences from the curriculum, discussed the core aims of the 
curriculum, and considered issues of assessment and students’ thinking about the 
core concepts. We joined the teachers in their classrooms as co-teachers of the 
curriculum. As well as informing the revision of the curriculum, this joint teaching 
experience helped us understand what we needed to do in order to implement the 
curriculum on a broader scale. Teachers needed additional help in understanding 
the learning progression and how to support student learning. 
 In response to teachers’ learning needs, we began to develop grade-specific, 
Web-based professional development materials for the Inquiry Project Curriculum. 
These resources were designed to be available “just-in-time” to teachers as they 
teach the curriculum. They include videos in which scientists investigate many of 
the questions students ask and allow teachers to see the scientists engaged in 
scientific thinking. The aim of these professional development materials is to help 
teachers better understand the nature of science and the core concepts. These 
materials also include classroom cases designed to help teachers facilitate more 
productive discussions. Each classroom video case focuses on a particular learning 
experience from the Inquiry Project Curriculum. Thus teachers can see the learning 
experience and classroom discussion in another classroom before they teach the 
lesson. We hope these materials will help teachers incorporate new ways of 
teaching that support deeper conceptual learning. 
 Perhaps the hardest, unresolved challenge in teaching our curriculum relates to 
classroom time. In the typical elementary classroom, science is taught in 45-minute 
lessons, two or three times per week. Conventional science units are 12 to 18 
lessons. We were determined to meet this convention. However, in the classroom, 
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learning experiences often felt rushed. More time was needed for students to own 
the question, to become familiar with their own ideas, to work with data, to build 
explanations based on evidence, and to make meaning of their experiences through 
discussion. Often teachers, who had time-flexibility, extended a lesson to an hour 
or held the discussion on another day. We have worked hard to streamline the 
experiences, but continue to find limited instructional time an extremely difficult 
challenge. 
 Finally, we frequently overestimated the students’ mathematical skills. Our 
curriculum simply could not get ahead of or ignore the realities of the school’s 
mathematics program. For example, we anticipated that students would be able to 
make quantitative comparisons for weight and volume using the measure line. We 
also thought they would be able to describe how much heavier one material is than 
another and how much greater volume one object has than another. We found it was 
challenging for third graders to make these quantitative comparisons; therefore, we 
had to slow the pace of the curriculum to allow time for discussions of these issues. 
Furthermore, consistent with Lehrer, Jaslow, and Curtis’s (2003) research, we found 
that the students began with little metaconceptual understanding of measurement. 
They lacked even a basic understanding of the role of units in length measurement. If 
the students had had mathematics instruction that developed stronger understandings 
of length and area measures, we would have been in a better position to develop their 
understanding of the measurement of volume.  
 Our hope is that standards and the structure of schools will begin to shift based 
on the field’s collective insights from learning progressions research. However, we 
cannot count on this. Instead, we must find a way to reconcile two realities: the 
potential of the LPs and the reality of today’s schools. Since school structure does 
not change easily, if LPs, as well LPM, are to be effective, at least in the short-
term, they must work within that structure. 

CONCLUSIONS 

As they are inherently constructivist, LP approaches to curriculum design assume not 
only that students’ initial ideas are meaningful but also that they are the only basis on 
which to build further understanding. Learning progression approaches are based on 
research that relates to some aspects of earlier research on misconceptions (e.g., 
Driver, Guesne, & Tiberghien, 1985). The misconception research brought to science 
educators’ attention the shallowness of most students’ scientific knowledge and the 
deep incompatibilities between students’ and scientists’ interpretations of the same 
phenomena. But that research mostly focused on older students and the ideas they 
developed in formal science instruction. Such research tended to be diagnostic; when 
it offered alternative teaching methods, it was often for a specific topic, for a 
specific grade, and with the goal of “undoing” particular misconceptions. The goal 
of a LP approach to science instruction, in contrast, is to avoid many of those student 
misconceptions by starting to teach science early in school (ideally in kindergarten) 
and by developing curricula that are coherent within and across grades. Learning 
progression approaches acknowledge that young children’s ideas about the physical 
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world are very different from scientists’ ideas. However, these approaches also 
emphasize transforming students’ ideas to bring them progressively into closer 
alignment with scientists’ ideas rather than replacing misconceptions with 
scientifically correct ideas.  
 Learning progression approaches also assume that the knowledge networks of 
both students and scientists in a domain are complex and can be characterized 
using similar units of analysis (e.g., concepts, beliefs, models, and 
epistemological and ontological assumptions). LPs focus on interrelationships 
among those units and the constraints those interrelationships place on the mutual 
development of curricular units. Of course, students’ knowledge networks differ 
in content from scientists’ and support different kinds of explanations. Hence 
students should engage in reconceptualization to bring their knowledge networks 
into alignment with those of scientists’—relationships among elements of the 
network change as new elements are introduced and coordinated with existing 
ones and with each other. This reconceptualization occurs in conjunction with 
new epistemological and ontological beliefs and with the support of new symbolic 
representations. 
 Such reconceptualizations take time. They require the support of curricula with 
a long time span (e.g., K-12) that give ample time for revisiting core concepts 
across grades in new, broader, and more challenging contexts in relation to more 
sophisticated epistemological knowledge and in interaction with new symbolic 
tools. Concepts are enriched, differentiated, and recruited to account for different 
phenomena; the relationships among and between them change; new concepts 
emerge; and explanatory accounts shift. Learning progression approaches highlight 
the many small, coordinated steps needed to bridge children’s initial 
understandings in a domain to scientific accounts. In doing so, they attempt to 
demystify the process of reconceptualization as well as make it translatable into 
curricula. 
 Designing LP-based curricula that promote reconceptualization is a challenging 
process that requires making choices. In this chapter, we addressed the following 
three sub-questions:  

(a) Given that one cannot bridge the lower and upper anchors (i.e., young 
children’s and science knowledge) in one step, what are reasonably 
meaningful and coherent “intermediate” knowledge states? What content and 
structure can students’ knowledge network have at different points along the 
learning progression that can form the end goal for learning at a particular 
grade?  

(b) Given that one organizes curricula around deepening students’ understanding of 
(inter-related) core concepts, where should one begin? Which concepts (and 
relations) should one address first to ensure meaningful learning and leverage 
future change? 

(c)  Given that reconceptualizations are complex and long-drawn, how can we 
design and sequence instructional activities within each grade in ways that 
promote the progressive integration and generalization of new pieces of 
knowledge?  
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 We discussed how grappling with these questions led us to define new 
theoretical constructs (core concepts, lever concepts, stepping stones, and key 
representations such as measure lines and other models as tools for restructuring) 
that may have lasting value for LPs at different grade spans and in different 
domains. 
 In addition, we outlined the challenges in coordinating research and curriculum 
development (e.g., marrying the sometimes conflicting goals and time scales of 
research and development, deciding if the curriculum or the LP should be revised, 
etc.). We also described the challenges of adapting LP-based curricula to current 
classroom reality (e.g., limited classroom time, teacher support, and students’ 
mathematics knowledge) while still promoting change.  
 In concluding, we mention another challenge. Why is it often so difficult for 
curriculum developers to (fully) recognize the extent of the reconceptualizations 
involved in science learning? Indeed, in our work, we often found ourselves 
underestimating children’s difficulties and overestimating how meaningful 
particular activities would be for them. We think this challenge reflects a deep 
problem: namely, as human beings, we see the world (automatically) in terms of 
our own frameworks (rather than others’ frameworks) and use ours to solve 
problems. Thus when we, as curriculum developers, think of ways to introduce 
children to a new concept meaningfully (e.g., volume), we (naturally) evaluate 
strategies based on how meaningful they are to us. “Cubing” is judged a 
meaningful strategy because it is a basic, transparent way to quantify volume. The 
problem is that it is only transparent to someone who already has a concept of 
volume..  
 Similarly, when we hear children say that a tiny piece of a material weighs 
nothing, it is natural to gloss their expression and assume that what they really 
mean is that the piece of material is light or it weighs very little. We do not 
consider that their whole network of ideas (i.e., their understanding of weight, 
nothing, heavy/light, material) may be different from ours. Or when we hear 
children say, “That’s heavy because it’s big,” we may assume they think that 
weight and volume are directly proportional. We may not recognize that “heavy” 
and “big” may have very different meanings for them than for us. We understand 
that “weight” can have an entirely different meaning only when we consider 
many other things children say—for instance, that small things do not weigh 
anything because “they are too tiny to weigh,” that two objects of different size 
made of the same material can have the same weight, that there are only one or 
two weights between the weight of a large and small ball, and so on. One 
advantage of systematic research on children’s understandings is that it allows us 
to more fully reconstruct their knowledge network and thus to imagine how they 
see the world. This research will always be a difficult and “mindful” process, but 
unless the researchers engage in this process, they will constantly overlook key 
assumptions that need to be discussed with children in the classroom and 
overestimate how much children learn in activities and lessons. Designing 
curricula that are both meaningful for students and productive is challenging 
indeed. 
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NOTES 
1 “Incommensurability” refers to the lack of communication between people who hold different 

theories because the same terms (e.g., “matter”) have different meanings and different referents 
(Kuhn, 1962). However, terms that preserve their meaning across a theory change can provide a 
basis for coherent discussion of differences in the theories and can help make sense of 
incommensurate terms.  

2 This scenario is partially fictional. It does not describe the Inquiry Project Curriculum in specific 
detail. However, this account conveys the general strategy and sequence in the Inquiry Project 
Curriculum across Grades 3-5, establishes an understanding that solids and liquid materials have 
weight and take up space in Grades 3-4, and uses weight as indirect evidence for invisible (gaseous) 
materials in Grade 5. A complete description of the Grades 3-5 Inquiry Project Curriculum is 
available at the Inquiry Project website: http://Inquiryproject.terc.edu 

3 This is true only in a gravitational field. However, the more general statement—all matter has 
mass—is meaningless to students in this grade range, given that the concept of mass is a difficult 
and late achievement. We argue in the Stepping Stones section below that the belief that all matter 
has weight is actually essential to developing a scientific concept of matter and to constructing a 
concept of mass later on. 

4 This is not the same idea as weight is proportional to mass although it is a precursor of the idea. 
Fourth graders learn that the weight of various quantities of a particular solid, aggregate, or liquid is 
proportional to those quantities (as measured by their volumes). 

5 A “two-bottle system” consists of two plastic liter bottles sealed together at their openings and 
tipped at an angle with a puddle of water in the lower bottle. A heat lamp warms the system, and the 
water moves from the lower bottle to the upper bottle. 

6 Fully reconceptualizing matter as made of particles and then atoms and molecules will take several years. 
7 This is, of course, not entirely correct (e.g., shadows serve as a counter-example). However, this is a 

case where students’ current beliefs can be used even if they are not entirely correct. We return to 
this issue in the Stepping Stones section of the chapter. 

8 If we introduced the LPM in kindergarten or pre-kindergarten rather than in Grade 3, some aspects 
of the Grades 3-4 stepping stone would be incorporated in a K-2 stepping stone, leaving more time 
for full development of our current Grade 5 stepping stone in Grades 3-5. 

9 We have argued elsewhere (Wiser & Smith, 2008) that chemical transformations and the notion of 
pure substance should not be introduced before AMT. 

10 Density cubes are a commercially available sets of equal volume cubes made from different 
materials of different densities (e.g., pine, oak, nylon, PVC, acrylic, aluminum, copper, steel). 
Consequently, each cube has a different weight. 
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11 Lehrer, Jaslow, and Curtiss (2003) beautifully document how the concept of volume can be 
constructed using length and area as levers. They involve students in thought experiments in which 
they “pull an area through a length”. However, our students’ knowledge of length and area was 
insufficient to act as levers. Time constraints did not allow us to work on those concepts first. 

12 See DeBarger, Ayala, Minstrell, Krauss, and Stanford (2009) for further discussion of this issue. 
13 IQWST (Investigating and Questioning our World through Science and Technology) is an 

innovative 3-year middle science curriculum that promotes understandings of big ideas in science. 
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LEARNING PROGRESSIONS TO SUPPORT 
AMBITIOUS TEACHING PRACTICES  

One challenge faced by teachers, especially novice teachers, is navigating the 
messy and confusing landscape of science teaching reforms. In reform-based 
classrooms, students may be moving around and talking as they share ideas. Part of 
developing expertise as a teacher is learning which aspects of the classroom 
environment can be ignored and which ones can be pursued to fruitful ends. 
Teachers must learn to separate the signal from the noise, so to speak, during the 
act of teaching. Goodwin (1994) identified this ability as professional vision; 
namely, the ability to survey a complex landscape, identify important elements in 
that landscape, and connect those elements to a larger framework of understanding 
that is shared by a profession. The field of science education is only beginning to 
develop effective supports for helping teachers develop professional vision 
(McDonald, 2008). 
 In this chapter we describe ways in which teachers’ professional visions of the 
content and ambitious teaching practices promoted by the National Science 
Education Standards (National Research Council [NRC], 1996) can be built using 
tools called learning progressions (LPs). LPs as currently designed use multiple 
approaches to identify developmental sequences of performances that map the 
terrain from naïve ideas and misunderstandings to scientifically accepted 
explanations and practices (NRC, 2007).  
 LPs are defined as “descriptions of the successively more sophisticated ways of 
thinking about a topic that can follow one another as children learn about and 
investigate a topic over a broad span of time” (NRC, 2007, p. 219). LPs have great 
potential as teacher preparation and professional development tools since they 
contain knowledge of student ideas and how students learn, and – in some cases – 
suggest strategies or actions to help students learn. In order to achieve that 
potential, however, we must attend to how teachers develop as practitioners, not 
just how students learn.  
 While LPs for students help map the terrain between students’ prior knowledge 
and experiences and the scientific practices and understandings students should 
develop through instruction, they neither describe how teachers can meet these 
student needs nor illustrate how teachers develop along a trajectory of expertise in 
their own practices. Thus LPs designed to scaffold improvement in teaching 
practice must include a system of tools that supplements the LP. In our experience, 
teachers know that they should engage their students by using ambitious science 
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teaching practices, but they do not always know what this kind of teaching looks or 
sounds like, nor how to enact it in their classrooms. To address this need, we have 
developed LP tools that support teachers in developing more sophisticated 
pedagogical performance. We have then used those tools with professional learning 
communities to structure the process of teacher development.  
 Our assertions for the development of LPs and a system of tools and routines are 
based on the following logic. As most practitioners acquire experience, they often 
use little more than informal observations of students to assess their own 
instructional efficacy and competence. They depend upon a kind of untested folk 
wisdom to make changes in practice (Goodlad, 1990; Huberman, 1995; Little & 
Horn, 2007; Lortie, 1975; McGlaughlin & Talbert, 2001) that is characterized as 
“bricolage” or tinkering. In this view, teachers develop as independent artisans, 
picking up a new activity here and a new technique there, choosing these to fit their 
individual teaching styles and work settings. In light of this, it is important to the 
field that expert performances in science teaching be systematically described in 
ways that are useful to educators. Currently, “what counts” as advanced 
pedagogical practice is underspecified. Reform-based teaching practices are often 
abstract and, in many cases, have been defined by what teachers should not do 
rather than constructively suggesting what they should do. To date, few resources 
in science education have been developed that help teachers recognize where 
elements of their practice are on such a continuum and what their next level of 
performance might be.  
 As we explored how LPs might support teachers’ development, we 
encountered various challenges. The first challenge, creating a format for a LP 
that has instructional utility, involves presenting the content of the LP in ways 
that will be useful to teachers as they develop new teaching practices. The 
second challenge, developing a vision tool for all teachers, involves creating 
tools that have utility for teachers from different backgrounds and with different 
experiences. The third challenge, developing multiple tools to fill vision-to-
practice gaps, involves creating tools that scaffold teachers’ development of 
ambitious teaching practices.  
 This chapter presents the cases of two ongoing research projects in which these 
challenges were salient. In these cases, we highlight the challenges associated with 
developing and using LPs created for the purpose of scaffolding teachers’ adoption 
of ambitious teaching practices. The first project explores a LP representing 
teaching practices designed to support model-based inquiry; the second project 
explores how a LP representing student understanding can support teachers’ 
adoption of everyday assessment practices. Both cases involved the creation of a 
LP and an accompanying suite of tools that could be used to interact with and 
influence teacher development. We had the same hypothesis for both cases. The 
hypothesis is that, from the sociocultural standpoint, a LP for teachers, with 
accompanying tools, can form a common language useful in professional learning 
communities for collaboratively critiquing and improving practice. The chapter 
concludes with suggestions for other researchers considering the design of LPs for 
teacher development.  
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CASE 1: A MODEL-BASED INQUIRY LEARNING PROGRESSION FOR TEACHERS 
In this study, we are engaged in ongoing empirical and theoretical work on the 
development of a LP that describes increasingly sophisticated ways that teachers 
plan, enact, and assess various components of reform-based teaching—specifically 
how they support students’ Model-Based Inquiry (MBI; Windschitl, Thompson, & 
Braaten, 2008). In the past four years we have conducted longitudinal case studies 
of 11 secondary science teachers, tracking their teaching performances and using 
these data to design a LP for early career educators. Our data sources include 
written materials from their methods coursework, 81 classroom observations 
during student teaching and first-year teaching, videos of teaching, and artifacts 
from four rounds of analysis of student work and subsequent Critical Friends 
Group meetings (Windschitl, Thompson & Braaten, 2011a). We have additional 
data from several participants that extends into their second year of teaching, as 
well as data from two additional cohorts we are just beginning to track. The 
teachers’ struggles and successes in taking up ambitious practices informed our 
design for a beginning teacher’s repertoire of practices and also provided us with a 
system of tools and socio-professional routines that could foster such teaching over 
time.  

The MBI Learning Progression  

Our LP encompasses a continuum of pedagogical sophistication along 11 criteria 
of reform-based teaching that supports MBI. The design of our LP is informed by 
three areas of scholarship: (1) the nature of authentic disciplinary practices in 
science, including areas of epistemology, science studies, and sociocultural 
perspectives on the development of scientific knowledge;1 (2) the way in which 
students learn science, including areas of meta-cognition, conceptual change, and 
model-based reasoning;2 and (3) novice teacher development, including novice-
expert and teacher learning literature.3 
 This LP tool includes criteria such as “planning and designing lessons with 
attention to students’ engagement with models in an inquiry context” and 
“identifying full scientific explanations of phenomena and students’ 
approximations of these explanations” (see Figure 1). Some criteria are 
multifaceted and include sub-criteria similar to those that guide LP-development 
for student performances in various content domains (Corcoran, Mosher, & Rogat, 
2009; Smith, Wiser, Anderson, & Krajcik, 2006). However, the LP was not based 
on teacher knowledge but rather on teacher performances in the broad areas of 
planning, enacting, assessing, and reflecting on instruction. The lower anchors of 
pedagogical performance are based on empirical analyses of how novice secondary 
teachers typically engage students in inquiry (Crawford & Cullin, 2004; Windschitl & 
Thompson, 2006; Windschitl et al., 2008). The upper anchors (advanced levels of 
supporting MBI) are based on empirical research and in some cases hypothesized 
practices of how expert teachers foster more sophisticated scientific practice  
and discourse in the classroom around developing models, applying evidence, and 
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constructing explanations (NRC, 2005; Schwarz & White, 2005; Windschitl & 
Thompson, 2006). To describe the middle anchors, we observed novice teachers in 
secondary science classrooms during their student teaching and their first year of 
teaching. We identified patterns of less and more sophisticated versions of each 
criterion on the MBI LP, noting when partial practices were adopted, when the 
language but not the practice was appropriated, and when teaching practices were 
stifled or pulled in new directions by the influence of school context. For example, 
for criteria 4.1 and 4.2, we added details about how teachers partially appropriated 
practices related to building scientific models—several teachers used students’ 
initial ideas to construct a scientific model but did not successfully layer theoretical 
constructs onto these models. As a second example, for criteria 2.2, 3.2, and 9.1, 
we accounted for an unexpected contextual finding that influenced how conceptual 
ideas were examined in the classroom—many novice teachers felt pressured to 
teach to mandated assessments or from textbooks that emphasized the design of 
scientific experiments rather than the underlying explanation of a phenomenon. 
This contextual emphasis on experimental design influenced teachers’ 
performances as they worked to engage students in MBI. More than just “fleshing 
out” the middle cells of the LP, we also added specific examples from our 
observations to the upper/ theoretical anchor based on instances when the teachers 
in the study provided new and creative visions of these practices. 

Challenge 1: Creating a Format for a LP That Has Instructional Utility 

As a part of this study, we wanted novice science teachers to use the LP to locate 
specific elements of their inquiry teaching practice along a continuum and then 
to envision “next steps” for advancing their practice. We also wanted to help 
them develop and share a common language with others using the LP. We 
quickly realized, however, that our complete LP might overwhelm novice 
teachers who are just learning to make sense of their classroom practice. In order 
to scaffold novice teacher learning, we developed a reduced version of our LP to 
bring teachers’ attention to a core set of complex, ambitious, and equitable 
practices that have the most impact on student learning (see Figure 2). The 
mathematics education community refers to these teaching practices as high-
leverage practices—those most likely to stimulate significant advancements in 
student thinking and teacher learning. Working from the literature on high-
leverage practices (Ball, Sleep, Boerst, & Bass, 2009; Franke & Chan, 2007; 
Hatch and Grossman, 2009), we used the following criteria to decide which 
practices to include in the reduced set of ambitious practices (see also 
Windschitl, Thompson, & Braaten, 2011b):  

• Help improve the learning and achievement of all students, 
• Support student work that is central to the discipline of the subject matter, 
• Are used frequently when teaching, 
• Apply to different approaches in teaching the subject matter and to different 

topics in the subject matter, 
• Are conceptually accessible to learners of teaching, 
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• Have facets that can be articulated and taught,  
• Are able to be practiced by beginners in their university and field-based settings,  
• Can be revisited in increasingly sophisticated and integrated acts of teaching, and 
• Have features that readily allow novices to learn from their own teaching.  

 As we observed novice teachers attempting to use reform-based practices in 
their student teaching and their first year of teaching, we identified “clunky” or 
incomplete implementations as well as contextual pressures that influenced and 
often distracted them from full implementation of the most ambitious versions of 
these practices. In addition to the above criteria, we purposefully selected the 
practices that novice teachers had the most difficulty in implementing. We describe 
these practices and the novice teachers’ associated struggles in the following 
paragraphs.  
 1) Selecting big scientific ideas and treating them as models. The first practice 
novice teachers struggled with was identifying the big ideas to teach. By “big 
ideas” we mean substantive relationships among concepts in the form of scientific 
models that help learners understand, explain, and predict a variety of important 
phenomena in the natural world. Standard curricula tend to focus on topics and 
sometimes processes but rarely on theoretical ideas. For example, one teacher was 
given a curriculum unit on the ocean’s tides and taught the definition of high and 
low tides, how often they occur, and where they occur. Then the teacher had 
students investigate a correlation among tides and moon phases but not the 
overarching theories involving gravitational forces. Another teacher with the same 
topic emphasized the big idea behind this phenomenon and had students test 
models that described the gravitational relationships between the earth, moon, and 
sun (a theory focus). Only four teachers (of 11) were able to modify standard 
curricula to focus on a “big idea”—i.e., theory-focused—and were able to help 
students use scientific models to generate explanations and test ideas (see also 
Windschitl & Thompson, 2006). In 81 classroom observations, we found only 25 
instances in which these new teachers adapted the central topics of the curriculum, 
and only eight instances in which they moved beyond superficial topics or broad 
themes to identify more substantive ideas. Most teachers adhered to their activity-
centered curricula. Moreover, if the teachers did not modify topic- or process- 
focused curricula to be more theory-focused, they were unable to attempt other 
forms of ambitious practices.  
 2) Eliciting and attending to students’ initial and unfolding ideas in adapting 
instruction. The second struggle for our beginning teachers was sustaining science 
discourse in the classroom. The teachers often knew how to initiate student 
conversations (with a puzzling question or demonstration that elicited students’ 
experiences), but they rarely knew what to do with student responses. We found 
three variations of this practice ranging from least to most effective: (1) no eliciting 
of ideas, rather an ongoing monitoring, checking, and re-teaching for “correct” 
answers; (2) eliciting students’ initial understandings but with no follow-up; and 
(3) eliciting initial ideas and then adapting instruction based on these ideas. Of the 
81 classroom observations, we found 24 instances where beginning teachers used 
the most sophisticated version of this practice; however, only three of the 11 
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teachers did so consistently. Apprenticing teachers– in particular novice teachers–
into this type of teaching is complicated by the “hard wired” routines of low-level 
questioning in classrooms and discourses of teacher control (Baldi et al., 2007; 
Banilower, Smith, Weiss, & Pasley, 2006; Horizon Research International, 2003), 
by the lack of clear models of more sophisticated practices, and by inexperienced 
educators’ limited understanding of students’ capacities to engage in challenging 
work (Elmore, 2005). 
 3) Framing science activities and intellectual work with a model-based inquiry 
focus. The third struggle for our beginning teachers was a direct result of the 
curricula provided to them by their local schools and by their lack of a clear vision 
of how to change these curricula. We found that standard science inquiries from 
our teachers’ curricula tended to gloss over the testable, revisable, and conjectural 
nature of scientific knowledge (Windschitl & Thompson, 2006). Instead, curricula 
directed students only to confirm or “discover” a known scientific idea. Most 
teachers enacted these curricula without making major revisions, although some 
teachers took a step in the opposite direction, emphasizing experimental design and 
material procedure at the expense of scientific ideas. This “method” focus is 
inherent in most curricula and is also emphasized in Washington State’s 
standardized tests (Windschitl et al., 2008). Two of the 11 teachers attempted to 
revise standard curricula to conduct an inquiry on the development of scientific 
ideas. They treated scientific ideas as testable and revisable (although without 
using models) and chose to emphasize content-rich background knowledge prior to 
an investigation. Students were then asked to consider how their understanding of 
the phenomenon evolved in light of the findings.  
 4) Pressing for causal scientific explanations. The final issue novice teachers 
struggled with also related to the curricula. Most curricula do not press students to 
explain underlying causes of events and processes. At best, most activities and 
laboratory investigations ask students to look for patterns and trends in data. With 
this as an ultimate focus, it is not surprising that most classroom conversations 
tended to be about “what happened” in an investigation. There were very few 
conversations about “why a phenomenon occurred.” We recognized this challenge 
early in our research and therefore developed an Explanation Tool for teachers to 
use in examining students’ written explanations. We made this tool a focus in our 
first year of induction when teachers participating in our study returned to the 
university to analyze and discuss students’ evidence-based explanations (see 
Windschitl, Thompson, & Braaten, 2011a). The Explanation Tool helped teachers 
distinguish among levels of explanation and levels of integration of evidence with 
scientific explanations. Compared to other ambitious practices, the teachers 
showed the most gains over time in supporting students’ use of evidence-based 
explanations. Six of the 11 teachers were able to consistently shift classroom talk 
toward how and why phenomena occur (31 instances of 81 observations). Based on 
classroom observations and interview data, we attribute these gains to the use of 
the Explanation Tool and its routines; however, even with the tool, five teachers 
made no attempts to press for explanations, favoring instead a focus on activity and 
procedures.  
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 The development of a LP around these four high-leverage practices has two 
functions—one for teachers and one for teacher educators. First, if used by novice 
teachers, the LP could provide descriptions of slight but significant differences in 
practice that may orient them to a core set of high-leverage practices and outline 
the steps needed to move toward these practices. We hypothesize that in their 
second year of teaching, teachers may be able to use the complete LP in 
collaborative settings and, with feedback on practice, make more detailed 
assessments of their current practice and what the next level of practice looks like. 
Second, teacher educators could use classroom observational data mapped onto the 
LP to decide how best to develop a complementary set of tools that would support 
teachers as they move from one cell to the next cell on the LP. In the next two 
sections we describe the successes and other challenges that arose when teachers 
used the Reduced MBI LP to examine their practice. We also describe how we, as 
teacher educators, attempted to develop pedagogical tools to help teachers move 
forward on each criterion of the Reduced MBI LP.  

Challenge 2: Developing a Vision Tool for All Teachers 

We propose that teachers can: (1) locate elements of their own practice within the 
LP and (2) use the “next levels” on those continua to imagine what their practice 
could become. Before we discuss how teachers in our study used LPs to talk about 
advances they might make in their practice, we address the prerequisite capability 
that teachers need if they are to accurately identify their current location on a given 
continuum. We asked teachers to identify where their practice fell on the four 
criteria of the Reduced MBI LP. We found that, with very few exceptions, they 
could not only accurately self-identify where their teaching was along several 
criteria, but they could also describe instances from their teaching which deviated 
from a level of sophistication they normally “occupied.” (This deviation to a lesser 
level of sophistication was often due to their lack of familiarity with the subject 
matter in a particular unit, or because they were required to teach a particular unit 
without much modification.) Teachers could re-tell stories of pedagogical shifts, 
describing when and how they adopted a new practice or when they started 
regressing related to earlier progress.  
 Moreover, many teachers used the LP to state how they would like to improve 
their practice during their second year of teaching; most teachers asked to keep 
copies of the Reduced MBI LP as a reminder of how they wanted to advance their 
practice. However, one of the struggles was that not all teachers talked about 
improving their practice merely as a result of identifying where they were on  
the Reduced MBI LP. Some were quite satisfied with where their practice fell on 
the various criteria and used the Reduced MBI LP to justify their current practice. 
The following analysis reveals how and why some novice teachers used the 
Reduced MBI LP as a vision tool. Since we developed the Reduced MBI LP in 
conjunction with classroom observations and interviews with novice teachers, we 
did not ask the teachers to use the Reduced MBI LP until the end of their first year 
of teaching. The findings described below are based on how teachers interacted 
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with the tool as a vision guide, or lack thereof, during the last few months of their 
first year of teaching. 
 LP as a vision tool. Two-thirds of the novice teachers used the Reduced MBI 
LP in three productive ways: (1) to justify their location—not only their practice 
but also their identities as teachers—based on their teaching and learning core 
commitments; (2) to identify missing gaps in their practice that might prevent them 
from moving forward on the LP; and (3) to raise questions about student learning 
dilemmas they are currently addressing and have yet to resolve.  
 Rather than stating their curricular visions (Darling-Hammond & Bransford, 
2005), the novice teachers used the language and structure of the Reduced MBI LP 
to express who they are as teachers and who they would like to become. They used 
the Reduced MBI LP to engage in identity work. They imagined work that was yet 
to be done and, in some cases, identified the steps needed to work toward that 
future vision. Sfard and Prusak (2005) have noted that it is in this space—in which 
individuals are able to work on closing the gap between current and future 
narratives about oneself—that learning occurs. For example, Rachel described 
being frustrated that her location on the LP regressed during her first year of 
teaching when compared to progress in her student teaching. 

Rachel: [referencing LP criterion # 2] I know that there is a couple times 
when I have waffled over here [pointing to lower anchor] and I have been 
unhappy about that. I think that is definitely my goal. But yeah, that is where 
my mind sits. I think planning wise, thinking wise, and capability wise I have 
the capability of kind of being mostly being here and working towards that 
[upper anchor], but reality wise for the past six months I gotta say I am here. 
I don’t like being there. 

 Rachel placed herself and her “mind” rather than her practice on the scale by 
referring to where she was located and where she did not want to be located. 
Rachel placed a firm stake in the upper anchors. In this way, it is possible that the 
Reduced MBI LP offered a way for some teachers to state their pedagogical 
identities to themselves and to others. The language and structure of the LP 
supported these statements about teachers’ pedagogical selves. 
 None of these teachers simply mentioned that they would like to move forward 
on the Reduced MBI LP. They talked instead about working toward new visions. 
Some teachers were able to express pieces of plans or at least starting places for 
enacting change. This means that the teachers not only accurately located 
themselves on the Reduced MBI LP but also assessed the gap between cells on the 
LP. For example, Barbara considered how she could move away from one of the 
lower anchors for criterion 3 that focuses primarily on scientific procedures. To fill 
the gap between this lower anchor and other cells on the Reduced MBI LP that 
asks students to reason with science ideas, Barbara considered a practice her 
department head uses.  

Barbara: [referencing LP criterion # 3] Reflecting on this year I have been 
trying to think about how I can get away from that [the scientific method] so 
much because I have heard a lot of feedback from the students saying like 
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gosh, we do this every single time. The same kind of set up and routine and I 
have been trying to get away from that. I am looking at how our department 
head teaches and he asks a couple questions and then that leads into an 
experiment, students just sort of try to answer those questions instead of 
coming up with this whole process I am trying to think of how I can go about 
doing that, but it is still something I am trying to wrap my brain around. 

 While Barbara has not fully developed the vision, at least she has some specific 
ideas about how she might move forward. Her comments about her future vision 
suggest, at least in part, that she had been working on a vision before interacting 
with the Reduced MBI LP. It is possible that the Reduced MBI LP simply surfaced 
this move she was considering making, but it is also possible that interacting with 
the LP provided further justification for working toward this future vision. 
Moreover, it is clear from Barbara and other participants that developing a shared 
vision across contexts is critical to the uptake of ambitious practices (see 
Thompson, Windschitl, & Braaten, 2010). This activity requires mentoring support 
that extends beyond just working with teachers on an individual basis.  
 The teachers also used the Reduced MBI LP to discuss students’ learning 
dilemmas associated with their forward movement on the LP. They took a critical 
stance toward the LP and problematized their own forward movement on the LP by 
considering how students learn. For example, Emily located herself on the upper 
anchors of the third criterion of the LP (Pressing for Explanation) but paused to 
consider how students learn scientific explanations – a consideration that was just 
beginning to be part of her professional vision.  

Emily: [referencing LP criterion # 4] I think I sometimes really struggle with 
what is causing something to happen and I can usually sort through that 
pretty okay, but where I really get stuck is now what should I expect from 
kids? What does a causal explanation look like for a 15–16 year old? It 
shouldn’t look the same, but I don’t know how it should look. Then you can 
take it the next step once you have figured out how should it look, okay now 
how do you help them get there? I haven’t gotten close to that one. 

 Emily said she needed to understand how to calibrate learning for high school 
students. This seems like a dilemma for a productive discussion since she had to 
reason about the depth of scientific explanation to which she would like to hold her 
students accountable. She used her interaction with the LP to describe a dilemma 
that she had yet to resolve in her teaching. She was skeptical of the upper anchor 
and questioned what the implications were for student learning if she placed herself 
squarely in that cell. Probably she and other teachers did not have a fully formed 
vision of what the uppermost practice in the Reduced MBI LP looked and sounded 
like or what might be possible with scaffolding. Thus it seems that the Reduced 
MBI LP has the potential to surface new and potentially productive lines of 
thinking for teachers. Perhaps answers to students’ learning dilemmas lie not in a 
teacher development LP but rather in a student LP. 
 Moreover, in one case, Sarah used multiple criteria of the Reduced MBI LP to 
generate a vision of what her practice could look like the following year. In using the 
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Reduced MBI LP she reasoned through the relationships among the upper cells for 
all four criteria. She was the only teacher who described the ambitious practices as 
integrated. She was also the only teacher who read down a column, not across a row, 
of the Reduced MBI LP. Then she quickly set a new goal to work on multiple criteria 
simultaneously in the upcoming school year. She began by stating that she imagined 
herself as the kind of teacher who worked in the upper anchors of the LP.  

Sarah: [referencing LP criteria # 1–4] Well I always wanna get to the top level. 
So it kind of goes hand in hand with the pressing for explanations [criterion 4] 
like I would say that I probably do a lot of process focus and then have been 
thinking a lot about theory focus [criterion 1] this year especially in using 
evolutionary theory as like an overarching theory that we can hook ideas onto. I 
guess it makes me think that what I really should be working on is when I’m 
planning my units for next year to really figure out how to include more of this 
idea of model testing [criterion 3] or kind of revisiting ideas and …adjusting 
thinking as we go through a unit [criterion 2]. That would be a goal for next 
year…if you’re doing all then they should all move together. And so I think it’s 
really important for them [students]…if I’m working towards having this 
theory focus or fluency then it’s really important that those aren‘t just separate 
things that somehow they’re making those connections between the ideas like 
building a framework and hanging their little ideas on it. Which is part of how 
that whole theory of how students learn. 

 Sarah used the LP as a way to develop sophisticated ideas about teaching and 
learning science. It may be that Sarah accepted the tools we provided without 
question. However, it may also be likely that her goals matched the descriptions 
of teaching and learning advocated in the LP. Thus she could begin interacting 
with the LP in a different way because she was constantly searching for language 
and structures that helped her better articulate a sophisticated theory of science 
teaching and learning. This alignment may have given her the opportunity to set a 
new goal for herself–a goal she has consistently worked on in her second year of 
teaching.  
 LP as a non-vision tool. One challenge in using the Reduced MBI LP with 
teachers was that only two-thirds of the teachers used their interaction with the 
Reduced MBI LP as an opportunity to re-state, clarify, productively complicate, 
revise, and/or expand their visions of ambitious teaching and learning in their 
classrooms. The other one-third of the teachers merely used the Reduced MBI LP 
to assess their practice. These teachers located their practice in lower anchors on 
the Reduced MBI LP, citing their own and their students’ limited abilities as 
justification. They expressed satisfaction with their current practices and did not 
express any need to alter their practices. For example, Adam located his teaching 
for criteria 1 and 4 as a matter of fact. He cited first his limitations and then his 
students’ limitations, both of which prevented him from moving beyond the lower 
anchor for criterion 2.  

Adam: [referencing LP criteria # 1, 2, 4] Okay, definitely more on this side, but 
sometimes going into that. Because I’m not pressing them [students] for why 
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and I’m just focusing on vocab… I don’t think I will feel comfortable at all to 
go like with this one [upper anchor of criterion 2]. I think I have to be pretty 
advanced before that happens. I feel like, especially with the class I’ve never 
taught before I really need to have that planned out. I’d be skeptical to just let 
them…I don’t know what these students are like yet. I know they are definitely 
considered usually underachievers.  

 In talking about an elective class he will teach for the first time in the next year, 
Adam cited his limitations as a novice teacher and mentioned that students might be 
incapable of engaging in more open-ended conversations. It may be that a cultural 
vision of low expectations and the need for simplistic classroom dialogue that 
controls classroom behavior (Gilbert & Yerrick, 2001) is working against the 
development of a more sophisticated vision for what Adam can do with underserved 
students. Adam did not regard the Reduced MBI LP as a useful tool for helping him 
envision his future practice; instead, the Reduced MBI LP reinforced his own 
hesitancy about attempting more ambitious teaching practices.  
 This third of the teachers were also more likely to provide a slightly inflated 
assessment of their own practice (particularly on the first criterion, Selecting and 
Treating Big Ideas as Models). We think this is partly because they may not share a 
vision of what was meant by each cell in the Reduced MBI LP. Moreover, they 
only nominally used the language from the LP (see Thompson et al., 2010), as 
compared to other teachers who had wrestled with language and ideas from the 
Reduced MBI LP criteria over the course of the previous school year. Without 
aligned visions for ambitious teaching and the negotiation of these visions with 
new tools, routines, and language, these teachers were unable to advance their 
visions or teaching.  
 As a part of our current study we are considering ways to address the challenge 
that the Reduced MBI LP does not support a shared vision of high-leverage 
practices for all novice teachers. For example, we filmed four teachers using 
ambitious practices in a two-week unit of instruction. As a part of their science 
teaching methods course in our teacher education program, pre-service teachers 
viewed these films and answered targeted questions that orient their reflections 
toward teaching moves that are critical to enacting upper anchor performances. We 
are also working with mentor teachers to develop shared visions of the practices. In 
this way, as the novices first attempt ambitious practices during student teaching, 
they will receive feedback from experienced teachers. But just enhancing visions 
of the high-leverage practices may not be enough. If enhancing one’s vision is 
dependent on evaluating one’s pedagogical identity, then we will need also to use 
teachers’ self-narratives about their teaching practices. We will need to help 
teachers recognize that their current theories of teaching and learning overlap or 
are juxtaposed with the high-leverage practices and their effect on student learning. 
The teachers’ current narratives of teaching and learning were most likely 
developed during their “apprenticeship of observation” (Lortie, 1975) and 
condition what they then learn in training experiences (Linn, Eylon, & Davis, 
2004). If this initial understanding is not engaged with or confronted during teacher 
preparation, teachers may fail to grasp new concepts about teaching and learning or 
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they may learn them for the purposes of a test only to return later to their 
preconceptions (Darling-Hammond & Bransford, 2005).  

Challenge 3: Developing Multiple Tools to Fill Vision-to-Practice Gaps 

The same teachers who used the Reduced MBI LP as a vision tool also used the 
Explanation Tool and socio-professional routines to imagine the next steps in their 
teaching. (The Explanation Tool helped teachers diagnose levels of evidence-based 
explanations that students used in written work; the Critical Friends Group meeting 
supported teachers in analyzing patterns in students’ work). Yet the use of these 
tools led to different visions for teachers. The Reduced MBI LP helped most 
teachers set goals for moving their practice forward, but the details of how to 
accomplish these shifts remained vague. The Explanation Tool and socio-
professional routines, however, had four features that supported the appropriation 
of a high-leverage practice (Pressing for Explanation) and the vision behind the 
practice. Specifically these features (1) included pedagogical ideas congruent with 
ambitious teaching, (2) focused on the relationship between teaching practice and 
student thinking, (3) were used directly to plan for, enact, or assess instruction, and 
(4) were used in collaborative settings in pre-service and in-service contexts 
(Thompson et al., 2010). Because the Explanation Tool was closer to practice, the 
teachers used this tool to support experimentation with the high-leverage practice 
as well as to support tool-based pedagogical innovation. By pedagogical innovation 
we mean that the teachers used the tools and routines as expected, but after quickly 
adopting both the vision and the practice, they began to re-purpose the tool and 
create a related set of practices that supported the vision of pressing for evidence-
based explanations. For example, a couple of teachers used the Explanation Tool, 
originally designed for teacher analysis of student work, as a way to  
structure explanations in classrooms. Students in one classroom debated the 
difference between providing a “how” explanation and a “why” explanation for a 
phenomenon.  
 Mapping observational data onto the Reduced MBI LP helped identify critical 
developmental targets for the development of a suite of tools for novice teachers. We 
“tracked the fate” of each high-leverage practice over time and were able to 
determine which practices were the most difficult to attempt, which were easier to 
attempt regardless of mandated curricula, which practices seemed more sensitive to 
other pedagogical tools we used, and which practices showed regressive tendencies 
toward more traditional forms of teaching during the teachers’ first year of teaching 
compared to their year of student teaching. Thus the Reduced MBI LP illuminated 
dimensions of teacher learning that needed further support through tool development. 
For example, few teachers were able to use scientific models with theoretical 
components in their practice. Often curricula did not support teachers in developing a 
big scientific idea that could be treated as an explanatory model for a class of 
scientific phenomena. To this end, we developed a Big Idea Tool that teachers can 
use when planning to convert topics and processes to explanatory models. We also 
found that teachers either made clunky attempts or did not attempt the following 
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types of conversations in classrooms: (1) eliciting students’ ideas to adapt instruction, 
(2) helping students make sense of classroom labs and activities, and (3) pressing 
students for evidence-based explanations. In response we developed discourse tools 
that decompose instructional acts; that is, such tools are effective in “breaking down 
complex practice into its constituent parts for the purposes of teaching and learning” 
(Grossman et al., 2009, p. 8). These tools now help our current cohort of novice 
teachers plan for and enact the ambitious teaching practices that present the greatest 
challenges for the previous novice teacher groups. When combined with ongoing 
analyses of student learning, supported by tools like the Explanation Tool and  
the Reduced MBI LP and the socio-professional routines of collaborative inquiry 
within a Critical Friends Group, we hope to create a powerful context that  
supports novice teacher learning of ambitious and equitable teaching practices  
(see tools4teachingscience.org). With support from a LP, among other tools, we hope 
that all novice teachers can advance their practice early in their careers rather than 
experience a time of stasis or regression toward conservative teacher-centered 
instruction as is often documented for new teachers (see Abd-El-Khalick & 
Lederman, 2000; Bransford & Stein, 1993; Goodlad, 1990; Grossman et al., 2000; 
Nolen et al., 2009; Simmons et al., 1999).  

CASE 2: A LP TO SUPPORT EVERYDAY ASSESSMENT PRACTICES IN TEACHING 
NATURAL SELECTION 

The goal of the second study – called the Daphne Project - was to create a LP to 
support everyday assessment practices in teaching natural selection. The project 
engaged a department of biology teachers to explore and develop a LP and to 
create a suite of formative assessment tools designed to tap the ideas represented in 
the LP. It was hypothesized at the outset of the study that engaging in the process 
of developing this LP would help teachers be better prepared to recognize and act 
upon student thinking, which in turn would affect student learning by closing what 
has been called the ‘feedback loop’ in the formative assessment process (Black & 
Wiliam, 1998; NRC, 2001). 
 Previous research indicates that, even in the presence of a framework for how 
student ideas develop over time in a conceptual domain, teachers struggle to enact 
formative assessment and to provide timely feedback to students (Furtak et al., 
2008). Based on this finding, the Daphne Project sought to support teachers in 
adopting the following ambitious teaching practice: listening and attending to 
student thinking on a daily basis for the purpose of modifying instruction while it 
was in progress. 
 Seven biology teachers and their students at Springfield High School 
participated in the project. The high school is an ethnically and socioeconomically 
diverse school near a large city in the western United States. These teachers have a 
wide range of backgrounds and experience, from a second-career student teacher to 
a 15-year veteran biology teacher. Students in their classes were enrolled in one of 
three levels of biology: 9th grade pre-International Baccalaureate Biology, 10th 
grade General Biology, and 10th grade English Language Learner (ELL) Biology. 
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 However, it quickly became apparent in Y2 that the content of the LP we gave 
the teachers was insufficient to scaffold their instruction in the unit. Primarily the 
LP contained ideas along a continuum towards understanding where new traits 
originate and the consequences of those traits in terms of selection. Teachers 
immediately suggested that the misconceptions be linked to the “Five Facts and 
Inferences” about natural selection that form Darwin’s argument for natural 
selection (Mayr, 1997) as an orienting framework for structuring instruction. These 
facts summarize the struggle for existence among individuals within a population, 
differential survival, and reproduction, and show how these changes build over 
many generations. We discussed ways that these two different representations 
might be merged and ultimately developed a combination core LP that reflected a 
progression of correct ideas horizontally, as well as the hypothesized 
developmental paths from misconceptions to those correct ideas, from less 
sophisticated at the bottom to more sophisticated at the top (see Figure 4).  
 The revised LP combines features of LPs designed as frameworks for 
curricula with lower anchors as the foundational correct understandings (Catley, 
Lehrer, & Reiser, 2005) and features of LPs anchored by students’ common 
prior ideas, as suggested by Shepard (2009) and Wilson (2009). In this way, the 
LP includes both an overarching framework to inform scope and sequence as 
well as a map of the common prior ideas that can often obfuscate the path 
forward for teachers. The horizontal sequence of correct ideas, taken directly 
from Mayr (1997), lists the ideas as they should be learned, from left to right. It 
also includes two vertical sequences (Origin & Inheritance of Traits and 
Selective Force constructs) that were identified through analyses of student 
responses to the assessments in the Daphne Project in comparison with prior 
research on student ideas about natural selection. These vertical sequences start 
at the bottom with common student misconceptions and build to the correct 
ideas represented in the horizontal sequence. The LP is paired with 
accompanying tools intended to scaffold instruction, as well as a professional 
development model to support teachers in changing their practices. The LP for 
natural selection includes a set of formative assessment prompts designed to be 
embedded in the curriculum that provide opportunities for teachers to elicit 
student thinking and map that thinking to the LP, common student responses to 
each assessment at each level, and suggested feedback strategies for students 
with different ideas (Furtak, 2009). 
 The result was a set of formative assessments that targeted different ideas on the 
Origin & Inheritance of Traits and Selective Force constructs, including a 
constructed-response prompt (“How do species change over time?”), a multiple-
choice plus-justification prompt, an evaluation of Peter and Rosemary Grant’s data 
on Darwin’s finches in the Galapagos Islands, and interpretations of real-life 
scenarios. These formative assessments are explained in greater detail in Furtak 
(2009); the real-life scenarios formative assessment is shown in Figure 5. Piloting 
and analysis of the implementation of these prompts led to a collection of student 
responses for each level of the LP, as well as suggested feedback strategies (see 
Table 1).  
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student ideas that were “wrong” toward using the language in the LP to identify 
and discuss different student ideas. 
 While the involvement of multiple stakeholders – biology teachers, 
researchers, and a biologist – proved effective in anticipating some feedback 
strategies, the extent to which the biology teachers actually tried these 
feedback strategies in their classrooms varied as much as their approaches to 
enacting the formative assessments. That is, despite the efforts to develop a LP 
that would scaffold teachers’ adoption of the ambitious teaching practice of 
formative assessment, the extent to which teachers changed the way they 
viewed student thinking and enacted new teaching practices varied greatly in 
the PLC. For example, teachers enacted the formative assessments in various 
ways, some of which were better suited to getting students to share their  
ideas than others. Furthermore, several teachers retained a right-or-wrong 
attitude about student ideas, merely creating more detail in the “wrong ideas” 
category. 

Challenge 3: Developing Multiple Tools to Fill Vision-to-Practice Gaps 

The formative assessments developed collaboratively in the PLC were intended as 
the tools that would scaffold teachers in eliciting, identifying, and responding to 
the student ideas represented in the LP. The process of collaboratively developing 
these formative assessments, looking at student responses, matching elicited ideas 
with those represented on the LP, and discussing the sources of those ideas helped 
teachers move the vision of student understanding represented in the LP into their 
own practice.  
 The case of one teacher, Lisa, illustrates the process by which the teachers used 
formative assessment activities developed in the PLC in their classrooms and then 
used the LP to categorize the student ideas that were shared in response. Lisa 
explained that she had asked her students to correct examples of student responses 
taken from the draft LP. Then she categorized the student work into three groups. 
She called these groups “they got it,” “they sort of got it,” and “what the hell?” In 
examining the content of each group’s responses, she found the “they got it” 
responses were the correct answers and the “they sort of got it” responses 
included student statements similar to “The moths changed” but without 
explication of the mechanism the student was applying for how the moths 
changed. She found the “what the hell?” responses included either misconceptions 
or just something that she couldn’t understand. This categorization procedure 
indicates that Lisa was beginning to distinguish between the types of student 
alternative conceptions – in effect, using the formative assessment tools to inform 
her teaching practice.  
 Post-interview results suggest that Lisa’s categorization of student thinking was 
not unique. At the end of the study, the teachers were each asked to complete a 
sorting task in which they were given seven different student responses from one 
of the formative assessments. They were asked to sort these responses into 
categories that made sense to them. Results of this interview task indicate that the 
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teaching practices (Case 2). These cases use LPs as tools that represent the 
knowledge needed to teach a particular concept: therefore, they are tools that help 
teachers develop the knowledge and practices they need to become more effective 
teachers. The struggles experienced by the teachers in the two cases indicate that the 
educational research community needs to focus on the “user” end when developing 
LPs. These struggles also raise a number of questions for discussion by the LP 
research community. For example, what are the advantages and disadvantages for 
teachers of the two LP types–those mapping teacher development and those mapping 
student ideas intended to support teacher development? What are the trade-offs 
involved with simultaneously developing and using LPs at a school site? Is it 
possible to include sufficient information in a LP to support teachers in enacting 
ambitious teaching practices? If so, how would a teacher who is not involved in the 
development of the LP use it as an instructional tool?  

DESIGN PRINCIPLES: LPS TO SUPPORT AMBITIOUS TEACHING PRACTICES  

Based on our experiences in the studies described above, we suggest three design 
principles to inform the creation of LPs that support teacher development. Such 
LPs should:  

1. provide a pedagogical vision,  
2. support closing vision-to-practice gaps, and 
3. be embedded in ongoing professional development in a community of inquiry. 

We describe each design principle next.  
 Design Principle 1: LPs should provide a pedagogical vision. LPs intended 
for teacher development should represent a pedagogical vision–that is, a 
progression of content and practices that is developed over time and that is 
anchored at the bottom by preliminary ideas or practices and at the top by the 
most advanced/sophisticated ideas and practices. The content and practices 
should represent the hypothesized trajectory of development, thus specifying the 
starting point for teachers as well as the various intermediate stages that are 
important for achieving competence. Furthermore, the simple act of creating a 
LP can give the false impression that it dictates a linear progression of 
development even though teacher and student practices have been shown to 
develop in multiple ways and not necessarily in the same sequence as a LP 
suggests. Thus LPs should contain multiple paths to competence as part of a 
more complete pedagogical vision.  
 Design Principle 2: LPs should support closing vision-to-practice gaps. 
Before teachers can take instructional action on the basis of student ideas, they 
need the appropriate tools that support them in adopting the pedagogy represented 
in the LP that connect with what they are already doing - that is, tools that will help 
them close the gap between their vision and current practice. Such tools should 
have a variety of formats and should be linked to the LP in order to elicit the ideas 
that appear in the LP. In this way, levels can be identified. Tools linked to the LP 
should be formative in nature; that is, such tools should provide for feedback that 
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helps close the gap between current practice and the ultimate vision. The tools 
should also be generative by inviting students to share a range of ideas.  
 Design Principle 3: LPs should be embedded in ongoing professional 
development in a community of inquiry. The two cases in this chapter suggest 
that collaborative inquiry among teachers centered on a LP – either built from 
teaching practices (Case 1) or built by teachers around student ideas (Case 2) – 
can support teacher development by requesting that teachers take an inquiry 
position (Cochran-Smith & Lytle, 2009) toward their practice and be responsive 
to particular groups of teachers. Creating a culture of teachers who inquire into 
their practices around a set of ambitious teaching practices articulated in and 
around LPs has the potential to help the profession consistently improve 
instructional efficacy based on evidence of student thinking (Huberman, 1995). 
Furthermore, making LPs the centerpiece of communities of teacher inquirers may 
support teachers who, with their colleagues, make meaningful changes to their 
practice that are centered on the LP vision. Such an approach means that schools 
and school districts must provide the time and resources teachers need if they  
are to participate in professional development that supports their adoption of 
ambitious teaching practices. 
 Finally, we do not, by any means, suggest that LPs for teacher development 
alone are sufficient to achieve lasting changes in teacher practice. Rather, we argue 
that LPs embedded in suites of tools and used in the context of sustained 
professional development have the potential to support teachers who adopt 
ambitious teaching practices. Although much interest is currently focused on the 
development of LPs, the education community should proceed with caution. LPs, 
like all instructional tools, are not a universal solution to the challenges presented 
by science education reform. Much research is still needed to help determine the 
utility of LPs across multiple contexts for a variety of users.  
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JACOB FOSTER AND MARIANNE WISER 

THE POTENTIAL OF LEARNING PROGRESSION 
RESEARCH TO INFORM THE DESIGN OF STATE 

SCIENCE STANDARDS 

Many U.S. states will revise their science standards in the next few years. In 
making these revisions, the states have a unique opportunity to adopt the most up-
to-date understandings about student learning drawn from learning progression 
research (e.g., Corcoran, Mosher, & Rogat, 2009). Learning progressions offer a 
connected view of the development of students’ thinking and skills in core domains 
over extended periods of time. Learning progressions may provide added 
coherence, empirical grounding, and cognitive depth to standards development. 

Student performance, as determined by science assessments, remains stubbornly 
low as well as disparate between student sub-groups; therefore, any insights into 
fostering meaningful student learning over time are critical (Corcoran et al., 2009). 
While many factors may account for such student performance, research suggests 
that some concepts would be better learned if they were introduced in a different 
grade band (e.g., Wiser & Smith, 2008) and that other concepts require prior 
understandings not specified by current standards (e.g., Smith, Maclin, Grosslight, 
& Davis, 1997). We need to use any available research (e.g., learning progression 
research) in standards development to address the disparity between students’ 
conceptions and scientific conceptions and to ensure that the two are bridged 
successfully. This requires giving standards a stronger cognitive basis than they 
have at present. In the development of standards, a learning progression 
perspective may facilitate working from both a cognitive basis and a scientific 
basis. In particular, this perspective may guide the development of standards that 
explicitly target the reconceptualizations needed to transform students’ ideas into 
sound scientific understandings. Some research in this regard is better than none, 
and even incomplete or prototype learning progressions may be useful. 

Understanding the challenges of applying findings from learning progression 
research to standards development may help researchers structure, focus, and 
communicate their work in ways that will be more efficient, more powerful, and 
more useful to standards developers in the future. This chapter articulates some 
challenges the learning progression community, in collaboration with the states and 
other standards developers, should consider in order to ensure that learning 
progression research is used to inform the development or revision of state science 
standards. This chapter considers two sets of challenges: one related to the early 
state of learning progression research and the other related to the purpose and 
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limitations of the states’ science standards. For our discussion of these challenges, 
we use the Massachusetts standards revision process as our example. After a brief 
overview of the Massachusetts revision process, the chapter explains each set of 
challenges and describes how Massachusetts is responding to them. The purpose  
of presenting an early example of strategies for addressing these challenges is to 
stimulate a dialogue in the broader education community about additional possible 
responses.  

AN OVERVIEW OF THE MASSACHUSETTS STANDARDS REVISION PROCESS 

Massachusetts’s current Science and Technology/Engineering (“science”) 
standards (Massachusetts Department of Education [MADOE], 2006) are 
organized around four strands for grades PreK-8 (earth and space science, life 
science, physical science, and technology/ engineering) and five “introductory” 
high school courses (earth and space science, biology, chemistry, introductory 
physics, and technology/engineering).1 Massachusetts’s science standards were 
first articulated in 1996. A full revision was completed in 2001, and a second full 
revision, begun in 2009, has an expected completion date in 2013.2 

A panel of volunteers is involved in the revisions of science standards for public 
schools in Massachusetts. The panel members are exemplary representatives from 
the state’s science education community (consisting of K-12 teachers of science, 
school and district administrators, higher education faculty, and organizational/ 
community representatives). The panel identifies and references national 
documents (e.g., American Association for the Advancement of Science [AAAS], 
1993; College Board, 2009; International Association for the Evaluation of 
Educational Achievement [IEA], 2007; International Technology Education 
Association [ITEA], 2000; National Assessment Governing Board [NAGB], 2008; 
National Research Council [NRC], 1996, 2007). The panel drafts and redrafts 
standards based on expert recommendations and gathers public comments on those 
drafts. The responsibility of the Massachusetts Board of Education is to review the 
draft standards; with the Board’s approval, the draft standards are then formalized 
as the new state science standards. 

The current revision process of the science standards in Massachussets is 
attempting to reflect a learning progression perspective. The goal of this process is 
to use primary source education research, including learning progression research, 
explicitly and systematically in order to ensure effective support for students’ 
learning of key concepts and practices within and across grade bands.  

CHALLENGES RELATED TO THE EARLY STATE OF LEARNING PROGRESSION 
RESEARCH 

Challenges in Using Learning Progression Research to Specify the Content of 
Standards 

While learning progression research holds great potential for informing standards 
development, using findings from this research, which is still in early stages, 
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presents significant challenges. Existing research is not yet sufficient to support the 
full range of domains and grade spans typically addressed in the states’ science 
standards. Because operational definitions of learning progressions differ among 
researchers, it is also difficult to present standards developers with a view of 
learning progression research that is coherent enough to be useful. There is a lack 
of consensus among learning progression researchers working on the same or 
related domains about what students should know by high school graduation and 
which core ideas comprise the large goals of PreK-12 science instruction. Making 
the best use of the existing research requires addressing each challenge. We 
examine these challenges next.  

Challenge 1: The limited scope of available learning progressions to inform 
PreK-12 standards. Very few learning progressions have been considered, much 
less fully articulated, on the PreK-12 scale required by the states’ science 
standards. Currently, learning progression research has explored only some science 
domains and only some grade bands within those domains. This does not mean that 
every learning progression should span the full PreK-12 grade bands; multiple 
learning progressions that address different grade bands can be linked as long as 
their constituent components are compatible (see Challenge 2 below). 

To fill the gaps in current learning progression research, one can refer to 
existing literature that documents students’ “alternative conceptions” (e.g., Driver, 
Guesne, & Tiberghien, 1985; Pfundt & Duit, 1994), “misconceptions” (e.g., 
Novak, 1993), lack of mastery of basic concepts and principles3 (e.g., Hestenes, 
Wells, & Swackhamer, 1992), and “facets of knowledge” (e.g., Minstrell, 1991). 
This literature provides insights into student thinking and learning that can be 
recast within a learning progression perspective. For example, Wiser and Smith 
(2008) began their work on a learning progression for matter by analyzing the 
literature on students’ ideas about atoms and molecules from a conceptual point of 
view. They established patterns among students’ beliefs and traced the root of 
those patterns to other beliefs. This process revealed that an important source of 
students’ difficulties with understanding atoms and molecules is the deep 
incompatibility of their conceptualization of matter at the macroscopic level with a 
scientific account (e.g., with the scientific concepts of weight and density and the 
principle that all matter has mass). Using this base, Wiser and Smith then looked at 
the cognitive development literature and hypothesized how, with proper 
instruction, by the end of elementary school very young children’s knowledge 
about objects and substances could undergo the deep and broad 
reconceptualizations needed to develop a scientifically sound understanding of 
matter (at the macroscopic level). A challenge for standards developers is to apply 
this process in a way that leads students to a basic but solid understanding of a 
scientific theory without the extensive cycles of research that Wiser and Smith 
conducted. 

Challenge 2: Integrating different conceptions of what constitutes a 
learning progression. Research groups working on different learning progressions 
have yet to reach consensus on what progresses in a learning progression. Existing 
learning progressions differ in whether they represent how students’ ideas actually 
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develop or in whether they represent ideal developmental paths. In the first view, 
the focus is on students: learning progressions are descriptions of how students’ 
knowledge evolves, given their current curricular experiences. For example, Jin 
and Anderson (2007) describe stages that only some students reach in thinking 
about energy in socio-ecological systems. Lee and Liu (2010) use standardized test 
items to compare sixth, seventh and eighth graders’ ideas about energy sources, 
transformation, and conservation. In the second view, the focus is on the 
knowledge itself: a learning progression describes a hypothetical succession of 
knowledge states where each state requires reconceptualization to transform to the 
next state. For example, Wiser and Smith (2008) treat their learning progression on 
matter as a hypothesis about the way knowledge ideally evolves from young 
children’s ideas about materials and objects toward an understanding of atomic 
molecular theory. The two views of what progresses are not incompatible; learning 
progressions of the first kind are probably needed to begin developing and refining 
learning progressions of the second kind (Stevens, Delgado, & Krajcik, 2010).  

Additionally, research groups working on learning progressions in the same or 
related domain(s) structure how knowledge progresses in different ways. They may 
organize a domain around different core ideas (see Challenge 4) or use different 
units of analysis. Units of analysis as used here are theoretical constructs used to 
parse knowledge and skills in ways that support meaningful interpretations with 
respect to classes of phenomena.4 From the researcher’s point of view, units of 
analysis must have a meaningful developmental path (i.e., one should be able to 
follow their progression from grade span to grade span as they increase in 
complexity and get closer to scientific knowledge).  

For example, several learning progressions involve energy. Wiser and colleagues 
structure their learning progression around several interrelated ideas in a process they 
call “looking at phenomena through the energy lens” (Wiser, Tobin, & Lacy, 2011). 
In elementary school, this learning progression includes the search for pairs of 
correlated energy changes and the development of an awareness of energy dissipation 
as precursors to the high school concepts of energy conservation and entropy, 
respectively. Their unit of analysis is students' use of the components of the energy 
lens in different contexts. Jin and Anderson (2007) focus on reasoning patterns for 
the processes that transform carbon in socio-ecological systems (photosynthesis, 
digestion, combustion, etc.). Their units of analysis are the content and nature of 
students' explanations. While younger children focus on the macroscopic level, 
describing plants and animals as subject to different rules than inanimate objects, and 
food and fuel sources as enablers of life processes, more advanced students use 
chemical models that connect organisms and inanimate matter. Lee and Liu (2010) 
focus on knowledge integration (i.e., the ability to connect relevant ideas in 
explaining phenomena). Their unit of analysis is the pattern of answers to classes of 
questions. They find that questions about energy sources (which require attention to 
only one form of energy), questions about energy transformation (which require links 
between two forms of energy), and questions about energy conservation (which 
require links between all the energy transformations in a system) present increasing 
levels of difficulty for middle school students.  
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Variations in units of analysis and in the types of phenomena that form the 
domains of these learning progressions on energy make it difficult to use these 
different learning progressions to inform standards development. Greater 
coordination in learning progression researchers would both enrich our 
understanding of science learning and facilitate the work of standards developers. 

Challenge 3: Establishing the upper anchor—what students should achieve. 
The process of formulating state standards for high school students is partly 
sociopolitical and partly empirical. The process requires consideration of which 
scientific ideas (e.g., global warming, endangered species) high school graduates 
should understand if they are to make informed political and personal decisions; 
this is the sociopolitical aspect of the process. The process also requires 
determining if high school students can reach those ideas, and, if so, the level of 
sophistication of those ideas; this is the empirical aspect of the process.  

Since the 1980s, sociopolitical considerations have appeared in discussions 
about scientific literacy (e.g., AAAS, 1990; Hazen & Trefil, 1991; NRC, 1996) 
and, more recently, in discussions of career and college readiness (e.g., College 
Board, 2009; Conley, 2005). There is now some consensus about the scientific 
knowledge students should have when they graduate from high school. For 
example, see the commonalities in Benchmarks (AAAS, 1990), National Science 
Education Standards (NRC, 1996), Science Matters (Hazen & Trefil, 1991), and 
the College Board (2009) standards. These commonalities are generally also found 
in the states’ science standards. 

While there is general sociopolitical consensus on the scientific ideas high 
school graduates should have learned, there is limited empirical evidence that 
shows they can realistically master those ideas in their PreK-12 education. Many 
scientific theories and models, as understood and used by scientists, are too 
advanced for students with a PreK-12 education, particularly given the limited 
amount of classroom time usually devoted to each science topic. For pragmatic and 
well as cognitive reasons, it may not be realistic to expect students to master so 
many complex scientific ideas.  

While the upper anchors of learning progressions may ultimately inform high 
school standards, few current learning progressions include a high school 
component or account for sociopolitical considerations.5 For now, standards 
continue to be defined from a primarily sociopolitical perspective. However, 
learning progression research has the potential to bring an empirical perspective to 
this issue to better inform states about the ideas students can master at different 
grade levels. Early learning progression research suggests, at least in some 
domains, that students can learn more sophisticated concepts and practices than 
typically supposed (e.g., Metz, 2011). In contrast, other research suggests how 
difficult it is to help students move toward ideas compatible with scientific theories 
(Smith et al., 1997).  

Challenge 4: Defining core ideas and representing them in standards. 
Various educational researchers have different criteria for what constitutes a core 
idea (NRC, 2009). For some, core ideas reflect major theoretical tenets (e.g., the 
conservation of energy, the atomic structure of matter). For others, core ideas 
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articulate the major aspects of the explanatory power of theories (e.g., how the 
interaction of genes and the environment causes physical and behavioral traits; how 
the structure of matter accounts for its properties and behaviors). Another 
consideration is whether core ideas should be about specific classes of objects or 
phenomena in a domain, for example, the relationship of form and function in the 
respiratory system and the relationship of form and function in the circulatory 
system [MADOE, 2010]) or whether core ideas are more abstract and should apply 
across a whole domain (e.g., the relation between structure and function at different 
levels of biological systems [Michael, Modell, McFarland, & Cliff, 2009]). While 
it is clear that the two views are not antithetical and that abstract ideas have to be 
approached first in specific contexts, privileging content areas over abstract 
principles leads to learning progressions, and ultimately to standards, that are 
structured differently. This difference in structure can be particularly vexing when 
learning progressions focused on the same core idea take different approaches. 
Without some consistency or common agreement on what constitutes a core idea, it 
is difficult to for the states to develop coherent standards based on learning 
progressions.  

Capturing the coherence that core ideas may provide across grades and grade 
bands is also a challenge for standards developers. Standards typically delineate 
specific concepts and practices that can be learned in a year or two. But core ideas 
are broad—they are composed of multiple concepts and practices that are learned 
over many years. In addition, the concepts and practices that comprise core ideas 
develop in interaction with each other—the meaning of one component depends on 
the meaning of others. To do justice to a core idea, standards expressing the 
different components of a core idea should be related explicitly to each other so 
that educators appreciate how students’ knowledge can be meaningfully 
constructed over time. This is particularly important because core ideas are often 
expressed in the form they take in the upper anchor (i.e., as important scientific 
ideas expressed scientifically). The precursors to these core ideas (i.e., less 
complex, less abstract, less general versions) in earlier grades may be unrecognized 
if standards from a particular grade span are viewed in isolation. Most curriculum 
developers and teachers do not refer to a complete set of standards – vertically or 
horizontally – when planning lessons or curricula. The temporal continuity across 
grades from earliest precursors to intermediate components of a core idea to its 
scientific version is an essential aspect of a learning progression approach. Core 
ideas are more than the sum of their parts—the connections between their parts and 
the way they evolve over time are inherent. It is a significant challenge to represent 
this temporal continuity in standards. 

Challenge of Integrating Knowledge and Practice Elements in Standards 

A recent goal of standards developers is to express standards as performance 
expectations that integrate scientific content and practices. Science standards 
should involve the integration of scientific content and practices because 
understanding scientific theories is inseparable from understanding how scientific 
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knowledge is generated (NRC, 2007). Declarative statements focused on content 
alone do not capture what it means to understand a topic. Learning science is 
learning to use one’s understanding in particular ways. The integration of scientific 
content and practices, consistent with how scientists apply their knowledge, is not 
typically reflected in current science standards. Science standards have long 
presented inquiry skills separately from content knowledge (e.g., AAAS, 1993; 
NRC, 1996). One rationale for this separation was that inquiry is a process for 
learning content; therefore any (or all) inquiry skills could be matched with any 
content in teaching and learning (AAAS, 1993; NRC, 1996). The curriculum 
designer or teacher could pair skills and content based on which skill was 
appropriate for which grade. Presenting content knowledge as separate from 
inquiry, even with the expectation that they will be combined in curricula, 
establishes that content knowledge and inquiry are independent. This organization 
is antithetical to the very nature of scientific knowledge. This is an area in which 
learning progression research has just begun to make significant progress.  

Two important themes in recent learning progression research are that learning 
science includes developing content knowledge and scientific practices, and that 
scientific practices may have different levels of epistemological sophistication 
(Smith, Wiser, Anderson, & Krajcik, 2006). For example, reconceptualizing weight 
as an extensive quantity in early elementary school depends on understanding 
principles of measurement as well as privileging measuring weight with a scale 
over hefting (i.e., learning not to trust the unaided senses). In later schooling, 
reconceptualizing force so that students understand that trees can pull on ropes and 
that walls can push on bodies requires a relatively sophisticated understanding of 
the relationships between theoretical entities (e.g., force) and our perceptions. 
These examples illustrate how scientific ideas are integrally linked to the 
epistemological beliefs in scientific practices. Lehrer and Schauble’s (2006) 
seminal research, which argues for integrating modeling and communication into 
science activities from kindergarten forward, calls attention to these broad ideas. 

This recent learning progression research may be used to combine science 
content with scientific practices that provide the epistemological context necessary 
to construct specific scientific concepts and principles. This combination would 
achieve the three goals of making scientific concepts and principles meaningful, of 
providing students with scientific practices that are adapted to both their cognitive 
resources and the content they are learning, and of making scientific practices 
meaningful and purposeful. However, using learning progressions to guide the 
development of standards that accomplish these goals presents a significant 
challenge. 

Challenge 5: Until learning progression research advances to the point that 
it provides clear and systematic insights that match content and practice, 
there is little guidance for specific knowledge-practice integration in 
standards. Some current learning progressions systematically match content and 
practice (e.g., Gotwals, Songer, & Bullard, this volume) or address epistemological 
questions (e.g., Schwarz, Reiser, Acher, Kenyon, & Fortus, this volume). Research 
such as this is an important start. However, much more research is needed, 
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particularly research in which the findings are specific enough for standards 
development. In the meantime, the literature on students’ content-related ideas and 
beliefs, on the one hand, and their epistemological understanding and mastery of 
scientific practices, on the other, can be used to generate standards that integrate 
scientific content and practices. 

The College Board (2009) has recently taken a bold step in its articulation of 
Science College Readiness Standards™ as performance expectations that match 
particular scientific practices with essential knowledge statements. Although these 
new standards do not rely on a learning progression approach per se, the 
researchers and teachers who wrote them relied on premises similar to those 
advocated here. The standards use a cognitive framework that is organized around 
big ideas, that treats practices and content are inseperable, and recommends 
combining particular practices in a particular domain at a particular grade range. 
Some practices, such as asking a cogent, scientific question about a topic, may 
combine productively with any content at any grade level. As an example:  

LSM-PE.3.1.6a Formulate a scientific question that addresses the relationship 
between the number of organisms in a population and the physical (abiotic) 
factors of their environment. (College Board, 2009, p. 66) 

In contrast, running a simulation may be relevant in a restricted number of 
domains only and may be inappropriate for all grade levels. As an example:  

LSH-PE.1.2.1 Construct a model or run a simulation that represents natural 
selection in terms of how changes in environmental conditions can result in 
selective pressure on a population of organisms. (College Board, 2009, p. 55) 

The two practices of “construct a model” and “run a simulation” can be applied 
across topics, but the types of questions or simulations may be quite different 
depending upon the specific content. Thus practices have specific meaning when 
connected to the particular content and are especially useful to student learning of 
particular content. The College Board’s work on the Science College Readiness 
Standards™ shows it is unnecessary to wait for learning progressions to specify the 
development of integrated, practice-content standards. However, once more 
learning progressions that integrate content and practices are developed and tested 
empirically, standards developers will have evidence that supports their work.  

Developing Concept and Skill Progressions to Inform Massachusetts’ Standards 
Revision 

In its attempt to use learning progression research to inform standards revision, 
Massachusetts used a tool called a concept and skill progression. This tool was 
developed to address the challenges (as described in this chapter) as well as a 
somewhat more practical concern. In particular, a significant problem in efforts by 
the states to ensure that standards revisions are based on empirical evidence is that 
no department of education in any state has the resources or expertise to locate, 
access, and analyze the relevant primary source literature, particularly within the 
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time frame established for the states’ standards development (generally, about two 
years). Therefore, Massachusetts asked educational researchers to develop 
summaries of this research for particular science topics in order to identify and 
organize the development of key concepts and skills in different domains. The 
researchers were given a generic template for this purpose (see Figure 1).6 They 
were asked to use learning progression research where possible. In instances where 
there was no learning progression research for the components of the template 
and/or grade ranges, they were asked to offer an initial hypothesis based on other 
research, including pre/misconceptions and conceptual change research and 
insights from their own work.7 Another education researcher reviewed each 
summary, and revisions were made as needed. Concept and skill progressions were 
written for 17 science topics.8 These summaries use learning progression research, 
but they are not learning progressions in the research sense. Massachusetts refers to 
the summaries as concept and skill progressions (MADOE, 2010). It is possible to 
view these summaries as the initial step in the ongoing cycles of research and 
curriculum development required to articulate a fully validated learning 
progression.9 

Each concept and skill progression includes both narrative storyline and concept 
and skill details sections to convey how students’ conceptual growth occurs over 
time (see Figure 1); both sections tell the same story but at different levels of 
specification. The concept and skill progressions reflect the work of Wiser and 
Smith (2009) in which a learning progression is described as  

mak[ing] use of data on students’ ideas and performances as a function of 
instruction to say “on the basis of extensive and intensive cognitive analyses 
of patterns of beliefs within students exposed to curriculum X, and between 
students exposed to different curriculum, and on the basis of our theoretical 
approach to conceptual development, here is a way knowledge could evolve” 
(p. 8).  

The structure of the concept and skill progression template captures several key 
features of learning progressions. The template proposes a lower anchor that takes 
into account young children’s initial ideas and an upper anchor that articulates the 
concepts and skills students should achieve through their K-12 education. The 
template organizes concepts and skills around core ideas that provide coherence 
within and across grade bands and outlines a series of stepping stones10 that could 
link the lower anchor to the upper anchor. The stepping stones have key conceptual 
shifts that a student needs to make in a particular grade band as a result of 
instruction and thus represent the targeted concepts and skills at the end of the 
grade band. The knowledge students achieve when they reach a stepping stone is: 
1) conceptually closer to the upper anchor than knowledge in the previous stepping 
stone; 2) coherent and meaningful; and 3) productive in that it gives students the 
conceptual tools to make progress toward the next stepping stone. The concept and 
skill progressions do not, however, qualify as bona fide learning progressions 
because they are typically hypothetical (except for the portions based on learning 
progression research).  
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In addition, relying on one or two authors to develop each concept and skill 
progression is somewhat problematic as the process limits the number of 
perspectives represented. For this reason, and because of their hypothetical nature, 
the concept and skill progressions should be viewed as stopgap measures. 
However, they provide a fairly efficient way for researchers specializing in a 
particular science topic to compile information on how students learn and to 
develop an informed hypothesis about how instruction may be structured and 
sequenced so that students progress toward scientific understanding. This makes 
concept and skill progressions useful in the relatively short timeline of the states’ 
standards development process.  

The following sub-sections use the topic of genetics to illustrate the development 
and use of a concept and skill progression. This topic was part of Massachusetts’s 
science standards revision process. Genetics is a topic with a solid pre/misconception 
research base, an emerging consensus on core ideas that are important to scientific 
literacy, and some learning progression research. Aaron Rogat of Teachers College, 
Columbia University, wrote the genetics concept and skill progression.11 

Addressing Challenges 1 Through 4 

In developing concept and skill progressions, authors must begin by defining the 
core ideas (Challenge 4). These have to be established first because they structure 
the progression: they are traced across stepping stones toward the upper anchor. 
Moreover, the specific concepts and skills in the progression and their 
interrelationship across time depend on the evolution of the core ideas. 
Massachusetts relies on the authors to identify the core ideas in the domain 
assigned to them (i.e., to decide how to parse the scientific theory for that domain 
into a few main ideas with strong explanatory power that can effectively structure 
the progression).12 The genetics concept and skill progression is structured around 
five core ideas: (1) organization, location, and function of DNA and genes; (2) 
relationships between genes, nuclear division, and passage of genetic information; 
(3) effects of DNA mutations and variation; (4) gene variation and implications for 
phenotypic variation; and (5) transmission of genetic information and patterns of 
inheritance. Rogat described the underlying basis for these five core ideas as 
follows (A. Rogat, personal communication, June 4, 2010):  

I relied on three sources of insight in articulating the five core ideas of 
genetics: 1) an earlier paper that Ravit Duncan and I worked on where we 
identified big ideas in genetics [Duncan, Rogat, & Yarden, 2009]; 2) my own 
expert content knowledge in molecular biology and genetics since often I 
reflected on the ideas that I used as a scientist to understand the phenomena, 
investigations, and data generated by others; and 3) the existing MA 
standards and national science standard. (I attempted to relate what was in the 
MA standards with the theoretical work that Ravit and I did).  

The work that Ravit and I initially did was informed by research on naive 
conceptions in genetics as well some research into interventions in this 
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discipline. Ravit and I realized that there are several studies that show many 
students fail to connect genes to proteins and phenotypes in productive ways 
and yet this connection is foundational to how modern day molecular 
biologists and geneticists think about biological phenomena. So we knew this 
was a core idea to focus on and we made it explicit in our learning 
progression. In the summary I prepared for MA it is most explicit in the core 
idea that focuses on the organization, location, and function of DNA and 
genes.  

A similar approach was applied to the other four core ideas. Throughout this 
process, Rogat maintained a focus on several themes in identifying the core ideas 
of the genetics concept and skill progression. Rogat continued: 

I think there are three other themes that characterize our thinking: 1) We 
[Duncan and Rogat] wanted to identify ideas that held great explanatory 
power within the discipline and that would help to explain or predict a 
number of the natural phenomena in biology that ordinary citizens might 
encounter in their personal lives or in the news (e.g., disease, 
biotechnologies, new advances in genetics). 2) Many core ideas are actually a 
set of smaller ideas or components that together comprise a more complete 
picture of the mechanisms underlying the genetic phenomena. We notice that 
several research studies show that many students develop incomplete pictures 
of these mechanisms, partly because the pictures are fragmented and put into 
different section in curriculum (e.g., deep discussion of genes and proteins) 
and in some cases the important ideas are lost or deemphasized, so we 
developed core ideas that would address some of these problems and made 
those ideas more explicit and more complete. 3) We are more interested in 
deep conceptual understanding rather than surface understanding, so we 
focus on more meaningful, or big picture, ideas rather than more fragmentary 
and fine grained ideas. 

In their earlier work, Duncan and Rogat addressed Challenges 2 and 4 in order 
to identify and agree upon the core ideas of genetics. Rogat then applied those core 
ideas to the development of the genetics concept and skill progression, taking into 
account a few additional factors noted in a standards context.  

In the discussion of Challenge 4 above it was noted that representing these core 
ideas in standards is difficult because the standards are written at the level of 
particular concepts and skills. This level of detail may be antithetical to the nature 
of core ideas, which consist of a network of concepts and beliefs that take their 
meaning from each other. Keeping in mind that the progression has to be translated 
into individual statements, the template given to the authors required that they 
group concepts and skills together, with each row representing one core idea. This 
grouping implies that corresponding standards can also be grouped into a set that 
represents the components of a core idea, with an overarching explanatory 
statement that articulates their relationship. While this statement would not be part 
of the standards themselves, it would make clear how the concepts and skills 
comprise a core idea. The use of a core idea is a typical structure in many current 
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state standards that group concepts by topic, but the explanatory text would focus 
on how a set of standards relate and contribute to the development of a core idea. 
This is certainly not a perfect solution, as discussed in Challenge 4, but it is a 
realistic beginning. 

Once the core ideas were identified, the authors then determined how they 
develop over time, representing that progression from column to column of the 
concept and skill progression. To define the upper anchor of the genetics concept 
and skill progression (Challenge 3), Rogat had to specify the sophistication level 
vis-à-vis core ideas that graduating high school students should have, the concepts 
and skills in the core ideas at that level, and how students could use the core ideas. 
In addressing Challenge 3, the template required that Rogat (and other progression 
authors) consider the upper anchor from the perspective of research and of core 
ideas and also to consider the current Massachusetts high school science standards 
(with the understanding that those standards were originally developed, at least in 
part, with reference to national documents as well as local sociopolitical 
considerations). The authors’ recognition of these constraints ensured respect for 
the concepts already included in the Massachusetts standards. At the same time, it 
was clear that research might inform significant changes intended to increase the 
likelihood of students’ learning of targeted concepts.  

As expressed in the narrative storyline, the final version of the upper anchor of 
the genetics concept and skill progression reads: 

High school students understand the relationship of genes to phenotypes. 
Students can explain how events during cell division are important in 
explaining why we see certain gene combinations in predictable patterns. 
They understand only one copy of a trait needs to be present to show a 
dominant phenotype or both copies present to show a recessive phenotype. 
They can predict possible combinations of alleles (and potential phenotypes) 
for the progeny of two parents with a given set of alleles. Students can relate 
DNA duplication and nuclear division to the passage of DNA and 
consequently inherited traits. They understand that there are two types of 
division that cells can undergo (mitosis and meioses) and that these occur in 
different cell types and result in different end products in terms of the number 
of chromosomes or genes produced. Students recognize that all organisms 
have DNA and genes. Students can explain the role and function of genes in 
living organisms. They can relate and distinguish between chromosomes, 
genes, DNA, and nucleotides in animal and plant cells. They understand the 
order of nucleotides in a gene determine the structure of a protein, and 
consequently the function of a protein in cells. Students can explain how a 
mutation in a gene can affect the structure, function, or behavior of a cell or 
an organism by influencing the structure or function of proteins. 

A number of these concepts exist in the current Massachusetts high school 
standards for biology. However, Rogat expands on those standards in other 
sections of the genetics concept and skill progression. In particular, there are new 
expectations in his genetics concept and skill progression: high school students 
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should be able to differentiate genetic structures in animal and plant cells, and 
should be able identify the structure, function, and the role of proteins in cells. 
These new key concepts in the core ideas of genetics make the concepts in the 
current standards more meaningful. 

Initially, the upper anchor was not fully developed to the extent just presented. 
Having sense of the upper anchor helped articulate the lower anchor and stepping 
stones. Refinement of the upper and lower anchors and stepping stones was an 
iterative process. Ultimately, the lower anchor was defined to emphasize that 
students often come to initial instruction in genetics (which may start in early 
elementary school) with a number of concepts that can be productively built upon, 
as well as a number of misconceptions. The text below is excerpted from the lower 
anchor (in the narrative storyline) of the genetics concept and skill progression: 

Before instruction students typically have a theory of inherited kinship; with 
this they can distinguish some inherited characteristics versus socially 
determined characteristics. They are, however, likely to believe that 
daughters get their characteristics from mothers, and likewise sons from 
fathers. Students can identify some critical aspects of organisms required for 
living, including the ability to reproduce. Students are also likely to 
understand that all living things share some of these things in common, as 
well as physical attributes. They are unlikely, however, to attribute those to 
any common mechanism such as DNA or genes, even though they are likely 
to have heard about genes and DNA.  

To formulate the lower anchor, Rogat reviewed the research on young children’s 
ideas about genetics. The purpose of this review was to identify prevalent beliefs 
that could be productively built upon. He read the empirical evidence and 
researchers’ hypotheses about the effects of children’s beliefs on learning; where 
evidence was lacking, he used his own judgment. This process, along with the 
subsequent development of the stepping stones, required Rogat to piece together 
information from the research and to use educated guesses where research was 
unavailable. 

Concept and skill progressions attempt to explain how learners can make the 
transition from initial ideas to more scientifically accurate understandings 
(assuming appropriate instruction is provided) of a core idea. This transition 
requires descriptions of intermediate productive ideas (or stepping stones)—those 
ideas that are not as sophisticated or complex but are conceptually closer to the 
upper anchor than the ideas in the lower anchor. For example, the genetics concept 
and skill progression specifies stepping stones for the end of elementary school, 
early middle school, and late middle school that are conceptually related over 
time.13 

Elementary school students understand that siblings do not always look 
identical to each other or their parents, but have a combination of 
characteristics from their parents. They can apply this to people, animals, and 
even reptiles or insects.14 They may, however, believe that plants are not 
living and therefore do not have genes. Students can identify critical aspects 



JACOB FOSTER AND MARIANNE WISER 

448 

of organisms needed to live, and know that genes somewhere inside living 
organisms provide information about an organism’s development. Students 
can explain that “information” in genes about how organisms look provide 
are passed on from one generation to another. They do not, however, 
understand how this works. 

Early middle school students understand that genes are linked to a theory of 
kinship. They know that traits are physical characteristics of organisms that 
are influenced by genes (e.g. “a gene for eye color" is not actually an eye 
color, but has information about eye color). Students understand that 
mutations are changes in genetic information that can confer “different” traits 
or functions. Students may associate reproduction with copulation and may 
believe it only occurs in animals. Students are able to explain that genes are 
inside cells, but may believe they are in only a few cell types. Students 
understand that genes provide information about the development of traits or 
cellular entities, but likely believe genes are active “particles.” 

Late middle school students understand the mechanism of how traits are 
passed between generations and relate kinship to genes. Students understand 
that genes are found in cells of all organisms and associate genes with 
chromosomes. They can explain that chromosomes carry genetic information 
from generation to generation during cell division. Students understand that 
for each trait we have two version of the gene (alleles). They understand that 
duplication of chromosomes occurs before cell division to maintain an equal 
amount of genetic information. They know there are two types of cell 
division: mitosis and meiosis, but may not properly connect these to specific 
cell types. Students realize egg and sperm fuse in sexual reproduction to 
produce a new cell that goes on to develop as the offspring. Students 
understand the role of genes in transmission of information and in 
influencing proteins and cell function. They understand that a mutation in 
genes can result in a change in proteins or cell function. 

The three stepping stones in the genetics concept and skill progression have 
limited empirical evidence, particularly for genomes, mutations, and patterns of 
inheritance. In his document on the learning progression, Rogat identifies the 
content based on his informed hypotheses and the content based on empirical 
evidence. This identification is necessary due to the lack of a full PreK-12 
progression for genetics, as discussed in Challenge 1. Rogat gives citations for 
concepts and skills that have a clear evidentiary base; he notes where he uses his 
informed judgment.  

As with the development of the upper anchor, Rogat was asked to create 
stepping stones taking into account the current Massachusetts standards and 
research evidence. He was also asked to use his informed judgment, especially in 
situations requiring justification of significant deviations from the evidence. Rogat 
focused on research about concepts that students may find difficult. He also 
examined research about the traditional sequencing of concepts and/or typical 
grade level(s), in particular evidence about sequences in which an introduced 
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concept was not understood and a different approach was supported. For example, 
the concept of proteins is not in Massachusetts’s current standards. However, this 
concept is in the genetics concept and skill progression because there is evidence of 
its importance to core ideas of genetics and to students’ ability to explain genetic 
phenomena. Additionally, based on research evidence, each stepping stone 
integrates concepts that differ from concepts in the same grade span in 
Massachusetts’s current standards. For example, the current middle school 
standards in Massachusetts include the idea that genes influence traits but defer the 
idea on the role of mutations to the high school standards. In Rogat’s genetics 
concept and skill progression both ideas are included in the middle school 
standards. Again, while not a perfect solution, it allows authors of concept and skill 
progressions to use research literature and their expert judgment to help 
Massachusetts make informed decisions about standards revision. 

This broad overview of the genetics concept and skill progression is useful as an 
illustration of how Massachusetts worked with authors to address the first four 
challenges identified above. Rogat was able to draw on several previous learning 
progressions. Additionally, in building his genetics concept and skill progression, 
he referred to additional research to fill gaps in the K-12 range, made and justified 
decisions about the concepts and skills for particular grade bands, reconciled the 
sociopolitical aspects of the current Massachusetts high school standards with the 
empirical evidence on what is learnable, and referenced research evidence or 
convincing personal hypotheses. Ultimately this procedure will help support the 
changes to the Massachusetts science standards. 

Addressing Challenge 5 

The current Massachusetts standards are worded as performance expectations. 
Therefore, they use verbs that are typically associated with a cognitive taxonomy, 
such as Blooms’ taxonomy (Anderson & Krathwohl, 2001) and that are matched 
with content. Together the standards articulate what students should be able to do 
with their knowledge. In its standards revision process, following the College 
Board’s (2009) model and earlier discussions on the importance of content, 
scientific practice, and scientific epistemological elements in learning progressions, 
Massachusetts expresses performance expectations in the context of scientific 
practices. Thus fewer generic, cognitive verbs are used; more verbs from scientific 
practices are used. Matching practices with content, however, cannot be arbitrary.  

In some cases, a concept and skill progression already contains the content-
practice link. This suggests that the progression is likely to support learning. For 
example, a draft standard in Massachusetts states: “Analyze genetic data (from a 
pedigree or using a Punnett Square) to determine the effect of dominant and 
recessive alleles on the phenotype of an organism.” This standard is closely 
associated with a similar statement from the genetics concept and skill progression. 
There is a deliberate match between the analysis of data and a key genetics 
concept. Practices such as analyzing data appear fairly consistently in concept and 
skill progressions; it is not difficult to match them with relevant content.  



JACOB FOSTER AND MARIANNE WISER 

450 

Other practices, such as “use evidence to support a claim” are not always 
included in concept and skill progressions. In these cases, the concept and skill 
progressions offer little substantive justification or guidance for matching any 
given practice with particular content. Indeed, a range of content might be used to 
instantiate the use of evidence to support a claim, resulting in a standard such as 
“Use evidence from genetics, such as variation in characteristics across 
generations, to support a claim about the different gene combinations resulting 
from sexual and asexual reproduction”. Such standards specify both the content of 
the claim and the type of evidence that should support the claim. Because these 
content-practice matches were not included in all concept and skill progressions, 
careful consideration must be given to these matches to ensure that they help 
students learn both the practice and the associated content.  

Massachusetts is working to ensure that scientific practices are included in a 
number of standards that are distributed across science domains and grade spans. 
The expectation is that students will have multiple opportunities to apply each 
practice in different contexts. It is not easy to match content and practices so that 
the learning expectations support students’ cognitive engagement and content 
learning while at the same time ensure that all practices are adequately represented. 

Section Summary 

The challenges posed by the early state of learning progression research are 
significant but not insurmountable. The development and use of concept and skill 
progressions represent initial solutions to these challenges. However, structuring 
and communicating a large amount of information about science learning, using 
both scientific and cognitive perspectives to support student learning, is a large 
task. This work poses a very significant challenge for standards developers. 
Ultimately, the research community is best positioned to address these challenges 
since researchers can develop learning progressions in more domains and more 
grade bands. Researchers can also come closer to consensus about the nature of 
learning progressions and can develop a common format for the findings of this 
research.  

CHALLENGES BASED ON THE PURPOSE, DESIGN, AND LIMITATIONS OF 
STATE STANDARDS 

Challenges of Representing the Complexity of Reconceptualization in State 
Standards 

We have briefly mentioned the challenge of representing core ideas in state 
standards. Core ideas typically consist of concepts and skills whose content and 
relationships change from grade band to grade band. Thus, rather than 
representations of a collection of isolated concepts and skills, core ideas may be 
thought of as knowledge networks. However, given the typical structure and 
presentation of the states’ standards, knowledge networks may be difficult to 
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describe. Therefore, a related and even more difficult challenge is to represent the 
reconceptualizations required in students' knowledge networks. Both the 
interconnected nature of the concepts and skills in learning progressions and their 
sometimes pre-scientific nature are difficult to include in the states’ standards. In 
addition, traditional standards present content and practices separately. Therefore, 
in explaining new types of standards (which integrate content and practice) to their 
key constituents, standards developers face yet another challenge. We discuss these 
three challenges next.  

Challenge 6: Standards are typically presented as numbered lists that 
are not conducive to representing interconnections between concepts and 
skills. The traditional way of representing standards as numbered lists is 
intrinsically incompatible with the structure of learning progressions. A key to 
understanding reconceptualization is the recognition that concepts and skills 
derive part of their meaning from their relationship to other concepts and skills. 
Hence reconceptualization requires working on more than one concept or skill 
at a time. Representing this dynamic interplay of student ideas, scientific 
concepts/skills, and new understandings in the states’ standards is tricky. 
Standards may group interrelated concepts for each core idea within a  
grade band (horizontally) and across grade bands (vertically). However,  
the interconnections and sequences among standards are impossible without the 
addition of distracting notations. Other representations of standards that explore 
these relationships are needed. 

Challenge 7: Stepping stones are not always scientifically accurate, but 
standards are typically designed to be scientifically accurate. Learning 
progressions consist of a series of stepping stones that progressively approach the 
upper anchor, support coherent and meaningful conceptualizations of the domain, 
and ensure that students can progress toward the upper anchor in the next grade 
band. “How students get there” is about reconceptualization. Stepping stones are 
important guides for standards developers because they can help them structure 
standards around ideas that are conceptually productive.  

Some components of stepping stones are scientifically correct and easily 
incorporated into the states’ standards. For example, “Any piece of material, 
however small, occupies space” is a step toward the upper anchor of a matter 
learning progression and is scientifically correct. Similarly, “If two objects at 
different temperatures are placed in contact, heat flows from the higher 
temperature object to the lower temperature object” is a scientific principle that has 
been proposed as part of an elementary grades stepping stone in an energy learning 
progression (Lacy, Wiser, & Doubler, 2010).  

To be conceptually productive, however, some stepping stones are 
scientifically inaccurate. Both scientists and science educations will likely 
challenge such stepping stones. “Any piece of matter, however small, has 
weight” is a case in point. Wiser and Smith (2009) argue that the idea that the 
idea of matter having weight is a crucial conceptual step toward a scientific 
understanding of matter. The scientifically correct “Any piece of matter has 
mass” is not since young students do not understand the concept of mass. They 
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need “Any piece of material, however small, has weight” to construct the 
concepts of mass and matter. For them, “matter” is solids and liquids that can be 
touched and seen. If they are to believe that gases are matter, based on empirical 
evidence, they need to understand that gases can be material and have weight like 
solids and liquids even though they cannot be touched or seen. Imagining gases 
as tiny pieces of matter, each having weight but too distant from each other to be 
detectable with the unaided senses, makes the materiality of gases more 
believable. Once a concept of matter is achieved ontologically, it can  
be quantified meaningfully. The concept of mass can emerge by combining the 
concepts of gravitational force, matter, and the amount of material. At that point, 
the statement “Any piece of matter, however small, has weight” can be revised to 
be “Any piece of matter has weight in a gravitational field because it has mass”. 
This new statement is a meaningful and relatively straightforward. In short, this 
example illustrates that some components of stepping stones are extremely 
generative and bootstrap themselves into their own scientific versions, even 
though they are not scientifically accurate.  

Standards developers are typically concerned with scientific accuracy, in part 
due to a concern that students may develop misconceptions or misunderstandings. 
Additionally, because the states do not want to present wrong ideas in their 
standards, they usually invite scientists and others who are concerned with 
scientific accuracy to review and comment on the proposed standards. Formulating 
potentially contentious stepping stones that respect scientific accuracy may be an 
important goal in standards development. 

Challenge 8: Standards that integrate content and practice can be 
perceived as curriculum or instruction rather than as outcomes. As explained 
earlier, consistent with both the new thinking about standards and recent learning 
progression research, standards should integrate content, practices, and 
epistemological knowledge. If content-practice combinations are perceived to be 
about curriculum or instruction, however, a concern may arise that the standards 
recommend certain curricular or instructional materials and methods rather than 
stress learning outcomes. We believe that such perceptions may be due to 
misinterpretations about the nature of practices and their intended use in standards. 
For example, recent conversations with Massachusetts educators introduced them 
to discussion versions of selected standards, including the Grade 6–8 standard–
“Construct a model to explain how the tilt of the earth and its revolution around the 
sun result in an uneven heating of the Earth.” The educators overwhelmingly 
perceived the standard as suggesting students should make a diorama of the earth’s 
tilt relative to the sun. This was not the intention of “construct a model” as a 
scientific practice. Such a tendency to misinterpret practices is likely related to the 
ambiguity of ‘scientific inquiry’ more generally. Scientific inquiry and many 
related terms are used to describe both skills students should develop and 
instructional or curricular methods (e.g., NRC, 2000). The lack of differentiation 
between the two meanings of ‘inquiry’ makes it difficult for many educators to 
differentiate learning outcomes (articulated as practices) from instructional or 
curricular methods. Care is needed in writing the states’ standards as achievable 
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outcomes rather than as classroom activities. The application of the standards to 
curricula is a key task that must always be kept in mind in standards development. 
The standards should be directed to the desired outcomes of educational 
experiences rather than to the specification of those experiences. 

New Strategies for Massachusetts’s Standards Revision 

Addressing challenge 6. Like most states, Massachusetts has developed 
standards as sequentially numbered lists of concepts. Traditionally, these standards 
group the lists into related topics but do not reflect any other relationships between 
concepts. It is clear, however, that if the current revision process is to honor a 
learning progression perspective, another way to represent the standards and the 
relationship between them is needed. Thus, Massachusetts converted its current 
standards into strand maps15 based on the Atlases for Science Literacy (AAAS, 
2001, 2007). Massachusetts uses this format to frame the revision process. Strand 
maps help make explicit the progressions of concepts and skills across grade spans 
that collectively support and lead to the desired high school outcomes. As visual 
representations, the strand maps are very effective in allowing standards developers 
to see whether concepts and skills in a topic progress in a purposeful manner across 
grade spans. Arrows in the strand maps show the linkages between standards. The 
strand maps can also be arranged in different configurations that highlight how 
ideas and concepts relate, even across disciplines. For example, Massachusetts is 
developing a thematic climate strand map that shows the relationship of physical 
science, earth and space science, and life science concepts that contribute to a 
broad understanding of climate. The continued use of strand maps is likely to help 
Massachusetts’s standards developers, as well as curricular and instructional staff, 
approach teaching and learning so that the goal is student reconceptualization 
rather than mastery of discrete ideas.  

Addressing challenge 7. We have argued that the stepping stones in the concept 
and skill progressions include some statements that, while not scientifically 
accurate, are conceptually productive (e.g., “matter has weight”). One main 
challenge with using those statements in standards is to word them so that they do 
not provoke outcries from those who demand scientific accuracy. In Massachusetts 
we have tried (a) to phrase standards carefully so that while the science concept is 
inaccurate, there is little debate about its relationship to scientific understandings 
and (b) to place the science concept in the context of a model because models, by 
definition, apply only in certain contexts and are meant to be revised. Additionally, 
one could provide evidence for the productivity or even pedagogical necessity of 
an inaccurate idea in a certain grade band. It is not clear how this third approach 
should be represented and documented in standards. Massachusetts has not 
implemented that approach.  

The wording of a standard is key to whether it is viewed as scientifically 
accurate, even if intended to express an inaccurate idea in a stepping stone. This is 
the key to the first solution we propose. For example, the animate/inanimate 
distinction, which is very salient from infancy on, has no place in physics; 
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however, it is important to address this distinction in developing the concept of 
force, since many young students believe that only animate objects exert force 
(Gunstone & Watts, 1985). Two important steps in constructing a scientific view of 
force are to understand that dynamic inanimate objects and then static inanimate 
objects can exert force. Standards that reflect this construction can be phrased as 
“Students recognize that all objects in motion can exert force when they come in 
contact with other objects” and “Students recognize that a static object (e.g., a 
table) can exert a force on another object.” This wording expresses a component of 
a stepping stone in scientific terminology and thereby helps describe students’ 
development of scientific ideas in a way acceptable to standards developers and the 
scientific community. 

Our second solution recognizes that, in modeling, model developers make 
choices about what to represent and what to ignore. Therefore, models are never 
completely accurate. “All models are wrong, but some are useful” (Box, 1979). For 
example, the idea that “Matter has weight” may be unacceptable to scientists who 
make a clear distinction between mass and weight. However, “All matter has 
weight” is an idea that is valid in some contexts (in this case, in a gravitational 
field, for example, on earth) and not in others. It is acceptable in a standard to 
phrase the statement as “Matter on earth has weight,” rather than “All matter has 
weight”. 

Addressing challenge 8. Massachusetts’s current science standards 
emphasize content knowledge and relegate scientific skills to the introductory 
sections of its science framework that is separate from the standards. Thus these 
standards focus on the terms used for scientific practices to avoid associations 
with curricula and instruction as much as possible. It is also important, in 
standards development processes, to define clearly each scientific practice in 
terms of outcomes in order to reduce the possibility of misperceptions and, thus, 
the chance that misinterpretations will be used to remove standards during the 
adoption process. 

That said, the use of learning progressions in standards development poses 
an interesting quandary. A key purpose of standards is to drive the 
development of curricula and instruction. Learning progressions may specify 
key learning experiences and/or be very specific as to the order in which 
concepts and relationships between concepts should be explored. If standards 
development is to rely on learning progressions, as we have argued in this 
chapter, it is possible, and perhaps inevitable, that the distinction between 
standards and curricula will blur. This has been a struggle in the Massachusetts 
standards revision process. The struggle relates to how much the concept and 
skill progressions should reference, but not drive, particular instructional 
strategies that address the cognitive needs of students. Standards are 
fundamentally about student learning outcomes; typically standards do not 
offer pedagogic recommendations. In future work on learning progressions, it 
is necessary to examine the interplay between maintaining the intent that 
standards drive curricula and recognizing that the curricula drive standards 
(through reliance on learning progressions).  
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Section Summary 

In addition to challenges posed by the early state of learning progression 
research, there are challenges presented by the nature of standards that the states 
have developed. These are challenges that relate to the translation of the richness 
of learning progression research into fairly fixed and constrained state standards. 
Finding solutions to the challenges presented by the dynamic interplay of 
students’ conceptions and scientists’ conceptions requires experimentation and 
time. The strategies that Massachusetts is developing to respond to these 
challenges, by taking a learning progression perspective, while clearly not 
complete or problem-free, suggest a more explicit and systematic means of 
supporting student learning.  

TOWARD STANDARDS THAT HONOR A COGNITIVE BASIS 

State standards that join a scientific perspective and insights from learning 
progression research promise to be effective tools in science education. Learning 
progression research can help standards developers identify the concepts students 
should know (upper anchor), account for student pre-conceptions in a domain 
(lower anchor), and draw roadmaps that provide a more effective guide to student 
learning (via stepping stones).  

In this chapter, we argue that the use of learning progressions to revise science 
standards can begin now. We offer partial solutions to the challenges posed by 
incorporating learning progressions in this revision and describe those challenges 
in the early development of learning progression research and in the history of 
standards development. The Massachusetts standards revision, a fairly limited 
process, exemplifies one way of approaching these challenges. The tensions and 
controversy over the use of learning progressions in the states’ science standards 
will continue for some time.  

It is also clear that the states cannot do this work alone. Standards 
development by the states requires that the research community produce research 
findings that inform their standards development. Several steps are needed: 
consistency in definitions and forms of learning progressions, assurance that a 
range of domains and grade spans are studied, and specification of the 
implications for curricula and learning outcomes. Communication with those 
who adopt, implement, and assess new science standards is also critical. For 
example, the National Science Foundation recently awarded a RAPID grant to 
the Consortium for Policy Research in Education (Rogat, 2010). This project is 
designed to develop hypothetical learning progressions for a few topics and to 
consider the formats and products that are useful for different end users. 
Similarly, this chapter is intended to promote discussion between and across 
communities such that the research and products of learning progression research 
are as useful and timely as possible. 

If learning progression researchers and users (including the states, curriculum 
developers, assessment developers) explore practical solutions collaboratively, 
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even the thornier issues may be resolved. Researchers may enrich the education 
community’s understanding of various learning progression issues, including their 
usefulness and their translation into curricula and standards. Standards developers, 
in turn, may enrich their understanding of the merit of organizing standards around 
core ideas, the complexity and difficulty of making conceptual changes, the use of 
stepping stones, and the need to structure learning experiences in particular ways. 
Such a dialogue may lead to a reconceptualization of both learning progressions 
and science standards.  

Ultimately, this dialogue may produce a model of how to translate learning 
progressions into standards-developer-friendly documents that transcend even 
important differences between the structures of different progressions. Learning 
progression researchers may systematically recognize important sociopolitical 
concerns in defining the upper anchors and the intermediate knowledge targets 
(e.g., the issue of global warming may influence learning progressions on energy, 
making energy dissipation a core idea and focusing on precursors and stepping 
stones for entropy). Dialogue may also contribute to resolution of the issue of 
using inaccurate stepping stones. Groups of researchers, standards developers, 
teachers, and others may agree on how to formulate standards that capture 
cognitively-sound stepping stones without producing lasting misconceptions. 
Such agreement would support standards developers’ emphasis on cognitive 
development.  

Some issues are more difficult. Basing standards on learning progressions 
may, for example, be perceived as making them too directive. This issue is linked 
to a debate in the learning progression community—how unique are learning 
progressions? Opinions differ widely on this issue. The opinion held depends in 
part on the view taken of knowledge development, including the effects of 
individual differences on learning trajectories or the explicit role of curricula in a 
learning progression. If the belief is that elements in a knowledge network 
strongly constrain each other, it is easier to think, “few roads lead to Rome”. The 
fewer the roads leading to the upper anchor, the finer the grain needed to specify 
standards. Standards based upon learning progressions may also be more 
curricular-like if progress toward the upper anchor depends on specific key 
experiences. This issue, which is empirical, requires comparison of curricula 
based on different learning progressions, with different key experiences, for the 
same domain. A learning progression approach to state standards prioritizes 
student learning and meaning-making by “focus[ing] on central concepts and 
practices in science [and]… provid[ing] the careful scaffolding required for 
students to develop integrated and sophisticated understanding of science 
content” (Corcoran et al., 2009, p. 12). The use of learning progressions in the 
development/revision of state science standards may be critical in making 
students' ideas about science central to how the curriculum and instruction 
engage them in learning.  



LEARNING PROGRESSION RESEARCH TO INFORM STATE SCIENCE STANDARDS 

457 

NOTES 
1 The inclusion of technology/engineering as a discipline of science, equivalent to earth, life, or 

physical science, is a unique aspect of the Massachusetts science standards. The current 
Massachusetts science standards are available at www.doe.mass.edu/frameworks/scitech/1006.pdf. 

2  Massachusetts began this revision process before the National Research Council and Achieve, Inc. 
initiated its work on the “Next Generation Science Standards” (http://www.achieve.org/next-
generation-science-standards). The 2013 completion date was changed from an earlier date in order 
to syncronize the state’s timeline with the recently proposed timeline for this national effort. Jacob 
Foster is the lead facilitator of Massachusetts’s standards revision process; Marianne Wiser was an 
advisor to Massachusetts’s standards revision process. 

3  The “lack of mastery” perspective may lead to the articulation of outcomes or expectations for the 
progression (a “negative” research base can be turned into a “positive” element of a progression). 
What students do not know can be as informative as their misconceptions in a science domain. Such 
lack of knowledge may signal conceptual blocks that can be accounted for in analyses of other ideas 
that students do/do not have in that domain. In other words, lack of knowledge about a concept or 
principle is part of the data used in conducting conceptual pattern analyses that reveal students’ 
knowledge network in a domain. 

4  For example, a unit of analysis could be the type of explanation a student offers for a class of 
phenomena (such as carbon-transforming processes). When asked to explain any given phenomena 
in the class (e.g., photosynthesis), the student should understand the request and offer the same 
account for all phenomena in that class. 

5  A notable exception is the research conducted by Anderson and his colleagues (e.g., Mohan, Chen, 
& Anderson, 2009).  

6  The researchers volunteers for this work.  
7  Each concept and skill progression attempts to explicitly identify which elements or components of 

the concept and skill progression are based on learning progression research and which elements or 
components are more speculative. 

8  Concept and skill progressions were developed for the following topics: Earth processes; Plate 
tectonics; Earth in the solar system; Anatomy & physiology; Cell biology & biochemistry; Genetics; 
Evolution & biodiversity; Ecology; Force & motion; Conservation & transformation of energy; 
Matter & its transformations; Atomic structure & periodicity; Chemical bonding & reactions; 
Solution chemistry; Engineering design; Manufacturing technologies; and Materials. These are 
available at www.doe.mass.edu/omste/ste/default.html. The 17 concept and skill progressions are 
related to topics in the current Massachusetts standards, although a concept and skill progression 
was not developed for all topics covered in the standards.  

9  Several authors referred to an initial, research-based learning progression as a “hypothetical 
learning progression” (e.g., Stevens et al., 2010, p. 687) or a “prototype learning progression” (NRC, 
2010, p. 7-1). 

10  The term “stepping stones” refers to ‘qualitatively different levels’ of student understanding or 
thinking akin to “levels” that other learning progression researchers refer to. 

11  The full genetics concept and skill progression is too large to include in this chapter. It is available 
at www.doe.mass.edu/omste/ste/default.html. 

12  The current Massachusetts standards are organized by topic and do not articulate core ideas. 
13  Most concept and skill progressions maintain the typical grade span structure of grades K-2, 3-5, 

and 6-8. 
14  While this statement is not scientifically accurate (people, reptiles, and insects are animals), it 

reflects how elementary school students are likely to classify living things (e.g., Driver, Squires, 
Rushworth, & Wood-Robinson, 1994).  

15  The strand maps of the state current science standards can be accessed at: www.doe.mass. 
edu/omste/maps/default.html. 
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LEARNING PROGRESSIONS FOR MULTIPLE 
PURPOSES 

Challenges in Using Learning Progressions 

The using strand addresses the many different ways learning progressions are 
expected to impact science education. Learning progressions have been proposed 
as frameworks that can inform the development of standards, large-scale 
assessments, classroom assessments, curriculum development, and teacher 
preparation/ professional development. By providing a common framework, 
learning progressions have the potential to bring coherence to these multiple facets 
of science education (National Research Council [NRC], 2007). Thus the use of 
learning progressions may significantly influence other strands of learning 
progression work. When making decisions in these other strands, researchers and 
educators necessarily consider how learning progressions will be used. Similarly, 
learning progressions that are translated into products and tools for particular uses 
draw on theories and empirical research about defining, assessing, and modeling 
learning progressions. More specifically, questions that tie the other learning 
progression strands to the using strand are: How do we define learning 
progressions for particular uses? Which types of learning progression-based 
assessments are most appropriate for such uses? Which measurement models 
provide the best information for stakeholders when they make decisions? The 
authors of the chapters in the using strand focus on how learning progressions are 
used for specific purposes. They discuss the challenges they faced and the 
decisions they made in addressing these challenges. 
 Wiser, Smith, and Doubler (chapter 16) describe the challenges they 
encountered in developing a curriculum based on a learning progression for matter 
and the design decisions they made in addressing these challenges. They describe 
the iterative process of elaborating a section of a larger learning progression and 
designing curricula based on this elaborated piece. This process required the 
following actions: (1) choosing a core concept that is both generative for students 
and critical to scientists’ understandings in a domain; (2) identifying stepping 
stones (intermediate, coherent sets of ideas) to use as learning targets for specific 
grade levels; (3) identifying lever concepts (core ideas that require 
reconceptualization and promote movement from one stepping stone to the next) 
that drive the design of activities; and (4) identifying key representations, mental 
models, and symbolic tools that support reasoning and conceptual change for 
integration into curricula. 
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 In their chapter, Furtak, Thompson, Braaten, and Windschitl (chapter 17) 
describe two types of learning progressions—learning progressions for students 
and learning progressions for teachers—and illustrate how both types can promote 
ambitious teaching practices. The Model-Based Inquiry (MBI) project involves the 
development of a teacher learning progression that presents increasingly 
sophisticated teaching practices. The authors explain how teacher candidates and 
novice teachers use the learning progression to describe and improve their practice. 
In the Daphne project, which the chapter also describes, a group of teachers refined 
and used a learning progression for evolution as a way to inform their formative-
assessment practices. Their chapter describes the design decisions that both 
projects made in response to the following three challenges: (1) creating a format 
for learning progressions that are instructionally useful, (2) developing the learning 
progression as a vision tool that teachers from many different backgrounds can use, 
and (3) developing a system of tools that supports teachers in the use of the 
learning progression. 
 In their chapter, Foster and Wiser (chapter 18) describe how the State of 
Massachusetts uses current research on learning progressions in the design of its 
new, state science standards. The authors discuss two main challenges: (1) working 
with a learning progression research base that is incomplete and that 
operationalizes the learning progression construct in different ways and (2) 
working within the confines of typical standards documents. Specifically, they 
explain that the format of current standards documents is not always conducive to 
illustrating connections between topics or including objectives that integrate 
content and practices. The authors describe the design decisions they made in their 
creation of the standards and offer suggestions for how future research on learning 
progressions could benefit the revisions of standards. 
 In the following sections I discuss three major challenges that are raised by the 
chapters in the using strand and that were discussed at the Learning Progressions in 
Science (LeaPS) conference. I highlight the similarities and differences in the 
approaches to these challenges based on the proposed use of the learning 
progression. The first challenge arises when developing learning progressions for 
specific uses—in particular, deciding how learning progressions should “look” in a 
particular context. The second challenge arises when translating and making use of 
the misconceptions or inaccurate ideas that are included in the lower anchor and 
middle levels of learning progressions. The third challenge arises when identifying 
the research needed to make learning progressions useful for specific purposes. 

DEVELOPING LEARNING PROGRESSIONS FOR SPECIFIC USES 

Given the myriad of proposed uses for learning progressions, it is important to 
examine what learning progressions must “look like” to be useful frameworks in a 
particular context. It is possible that a learning progression that works well for one 
application may not be easily translated to a different context or used for a different 
purpose. In fact, because of the many potential uses of learning progressions (e.g., 
standards, large-scale assessments, classroom assessments, curriculum 
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development, teacher preparation/ professional development), it is doubtful that a 
single learning progression can meet the needs of all users. 
 Learning progressions may have different purposes and hence different 
characteristics. For example, in order to inform standards, some learning 
progressions must cover a broad range of content. Therefore they must describe 
how core ideas develop over long time frames (e.g., multiple years or even K-12). 
Since learning progressions that can inform standards need to emphasize larger 
themes and patterns in how students learn big ideas, they tend to have a larger 
grain size. Thus such learning progressions do not include as much detail about 
student understanding at particular points in time as learning progressions with 
finer grain size. In addition, the shifts between levels are likely large because they 
capture “major shifts in worldviews” (Mohan & Plummer, this volume, p. 142). 
The large breadth and coarse grain size of this type of learning progression, while 
necessary for a long-term vision, may be less useful for classroom teachers who 
have to respond to questions and ideas raised in classroom discussion or in 
embedded assessments (Furtak et al., this volume). Learning progressions for 
smaller scale use, such as classroom assessments or smaller scale curricular units, 
are likely less broad (i.e., with less content) and have a smaller grain size. These 
learning progressions contain greater detail at each level describing the nature of 
student thinking. In addition, the shifts between levels may capture more “discrete 
changes in conceptual networks” (Mohan & Plummer, this volume, p. 142). Yet 
coherence is needed between the large-scale applications (e.g., standards, large-
scale assessments, and comprehensive curriculum development) and small-scale 
applications (e.g., classroom assessments and instruction).  
 Some of the discussion at the LeaPS conference in the using strand focused on 
how learning progressions should “look” for different uses. The participants 
proposed two main ideas: (1) “zooming in and out” of learning progressions and 
(2) embedding learning progressions in products and tools.  

Zooming In and Out 

As described above, the main differences between learning progressions that are 
best suited to inform different uses are their breadth and their grain size. However, 
learning progressions that can inform different uses might be thought of as nested 
rather than separate. Thus one way to reconcile the differences in breadth and grain 
size of large-scale and small-scale learning progressions is to consider a zooming 
in and out process. For example, Wiser et al. (chapter 16) start with the large-scale 
(K-8) learning progression for matter and atomic-molecular theory (Smith, Wiser, 
Anderson, & Krajcik, 2006), zoom in on the Grades 3–5 portion of this learning 
progression, and iteratively elaborate the Grades 3–5 learning progression and use 
it for curriculum development. The larger, “zoomed-out” learning progression 
includes key questions, big ideas, and components of big ideas for each grade band 
(Smith et al., 2006). This learning progression is both a vision tool and a large-
scale map of where students should be when they begin high school. It offers a 
macroscopic view of broad levels of student understanding (and common 
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misunderstandings) at three grade bands. Thus, the learning progression is well-
designed for informing standards and large-scale assessments because it includes a 
large core idea that develops over time. 
 However, this “zoomed-out” learning progression is not as helpful in the design 
of specific curricula and classroom activities (Alonzo & Gearhart, 2006) because it 
is not as “magnified.” Magnification, in this sense, means that the “zoomed out” 
learning progression lacks details about how students’ conceptions develop over 
shorter periods of time. The “zoomed-in” learning progression elaborates the ideas 
in the larger learning progression and includes the microscopic details necessary 
for designing curricula and classroom instruction. The “zoomed-in” learning 
progression also includes other tools such as experiences and key representations 
that teachers use when working directly with students in order to foster 
reconceptualizations (Wiser et al., this volume).  
 Not all learning progressions are as neatly nested. Some learning progressions 
address similar content but have been designed for different uses and, perhaps, by 
different research groups. These learning progressions may have different breadths 
and grain sizes. Since these learning progressions have been developed in parallel 
rather than in tandem, the relationships between these learning progressions may 
not be as neat as the relationships described for the learning progression for matter. 
However, it is possible to make important connections post-hoc. For instance, one 
might think of a learning progression with a narrow focus on plant nutrition (e.g., 
Alonzo, Benus, Bennett & Pinney, 2009) as nested within a learning progression 
with a broader focus on carbon cycling in socio-ecological systems (e.g., Gunckel, 
Mohan, Covitt, & Anderson, this volume). The overall goal might be for students 
to understand how carbon cycles in socio-ecological systems (including the process 
of photosynthesis) (e.g., Gunckel et al., this volume). However, in order to reach 
that goal, students must first understand the role of plants in these systems—the 
capture of energy from the sun and its transformation to a form that other 
organisms in an ecosystem can use (Alonzo et al., 2009). Thus an understanding of 
the role of plants in carbon cycling may be an important stepping stone that, with 
careful scaffolding by teachers and curriculum materials, can support students in 
identifying patterns that build toward big ideas with larger explanatory power. 
These stepping stones may appear in standards as goals for specific grade levels or 
as instructional units. The upper anchors of broader learning progressions may 
appear in standards at the end of larger grand bands. Small-scale learning 
progressions may be used to inform classroom activities while large-scale learning 
progressions may be more useful in standards design or in large-scale assessments.  

Products and Tool Systems 

Learning progressions alone are not ready for specific purposes. In addition to 
providing users (e.g., teachers, curriculum developers, assessment developers) with 
learning progressions, we have to provide them with either learning progression-
based products or tools for translating learning progressions into useful products. 
Therefore a second way to make learning progressions useful is to create product 
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or tool systems that instantiate learning progression ideas. There are different ways 
of thinking about such products or tools.  
 One method is to directly instantiate the ideas from the learning progression into 
products or tools that accompany the learning progression. For example, in the 
Daphne project (Furtak et al., this volume) a learning progression was combined with 
formative-assessment activities and feedback strategies for teachers. These tools (i.e., 
assessments and feedback strategies) use ideas from the learning progression to elicit 
students’ ideas with respect to the learning progression and include methods to help 
teachers interpret students’ responses and support students in moving toward more 
sophisticated ideas. Similarly, in the MBI project (Furtak et al., this volume) novice 
teachers used a “reduced” or simplified learning progression (for teacher learning) as 
a vision tool to describe and improve their practices. This tool was the learning 
progression itself (although simplified for use by novice teachers). However, the 
reduced learning progression was used in a methods class and was accompanied by 
other tools (e.g., an Explanation Tool) intended to scaffold novice teachers toward 
more ambitious practices.  
 The tools developed in the Daphne and MBI projects provided users (i.e., the 
teachers) with the learning progression. The projects also included other products 
or tools as part of a system that made the learning progression useful. In addition, 
in both projects, the learning progressions and associated products and tools were 
used in social learning environments (methods classes and professional learning 
communities). Thus, in order to design learning environments that support 
teachers’ use of learning progressions, it may be especially important to recognize 
the importance of basing the use of products and tools in interpersonal settings 
(e.g., see Vygotsky, 1978).  
 Another method for instantiating ideas from a learning progression into products 
is to use intermediary tools that promote the translation of the learning progression 
for specific uses. For example, in both a curriculum design process (Wiser et al., this 
volume) and in standards design (Foster & Wiser, this volume) the researchers 
identified core ideas, lower and upper anchors, and stepping stones useful in 
translating the learning progression into products. In their work on standards, 
educators and policy makers in the State of Massachusetts developed a “concept and 
skills progression tool” (Foster & Wiser, this volume). Experts use this tool as a 
template to systematically synthesize relevant research and make inferences about 
missing information in a format that was useful for developing standards. This tool 
permits specification of upper and lower anchors as well as identification of stepping 
stones that link the upper and lower anchors. Experts were also asked to present a 
narrative storyline and the skill details that showed students’ conceptual growth over 
time (Foster & Wiser, this volume). The information provided by this tool can then 
be used in the ultimate product, the standards.  
 Wiser et al. (chapter 16), in their Inquiry Project, also used core ideas, lower and 
upper anchors, and stepping stones as tools to guide their curriculum design 
process. These intermediary tools, along with lever concepts and key 
representations, were used to (iteratively) move from a learning progression to 
curricula designed to foster reconceptualization. Their curriculum design process, 
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which involved iteratively elaborating a section of the larger learning progression, 
and designing curricula based on this elaborated section is a also tool that 
instantiates the learning progression ideas. The Inquiry Project’s curriculum design 
process highlights the importance of documenting not just the decisions and 
processes for defining learning progressions but also the decisions and processes 
for translating learning progressions into coherent tools and products for specific 
users. Other researchers can then use these design process tools to zoom in on a 
larger learning progression and to develop intermediary tools to create curricula or 
other products. 

WORKING WITH STUDENTS’ MISCONCEPTIONS IN LEARNING PROGRESSIONS  

Learning progressions combine what we know about core ideas in science and 
about how students learn in specific domains. While the upper anchors of learning 
progressions represent scientifically accurate understandings of core concepts, 
lower anchors and middle levels may include misconceptions or scientifically 
inaccurate ideas. The lower anchors and middle levels attempt to describe student 
understandings accurately as students progress towards the upper anchors. 
However, the lower anchors and middle levels may look very different from a 
disciplinary decomposition of the domain. By including misconceptions or 
scientifically inaccurate ideas, learning progressions honor what students bring to 
learning and respect how their initial ideas interact with instruction. However, 
when translating learning progressions into tools for specific uses, there are 
questions as to how to handle scientifically inaccurate ideas. Participants at the 
LeaPS conference shared ideas, described next, for translating both misconceptions 
and inaccurate ideas in the lower anchors and middle levels of the learning 
progression into specific tools.  

Honoring Misconceptions Using Educative Features 

Students come to the learning process with many rich ideas based on their experiences 
and their attempts to make sense of those experiences. Because these ideas are often 
scientifically unsophisticated, student misconceptions can be expected to appear at the 
lower anchor and middle levels of learning progressions. While documenting the 
misconceptions that students hold at various levels is essential for accurately 
representing the nature of their understandings, when misconceptions are included in 
specific levels, it is sometimes difficult to tease out the most constructive ways for 
designing instruction and working with teachers. This is because misconceptions may 
or may not be productive; in fact, some misconceptions may hinder learning. Thus 
care must be taken so that the lower anchor and middle levels of learning progressions 
do not present unproductive misconceptions as learning goals. However, for many 
purposes, learning progression-based tools can honor student misconceptions at 
different levels by including them as educative features in curricula (Davis & Krajcik, 
2005) and by designing assessment items that elicit these ideas (e.g., Briggs, Alonzo, 
Schwab, & Wilson, 2006; Furtak et al., this volume). 
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 Educative curricular materials often relate common student misconceptions with 
specific activities as well as provide tools for teachers to probe student understanding 
of these misconceptions (Davis & Krajcik, 2005). Sometimes, however, these 
curricula present students’ misconceptions as ideas that must be identified and 
“fixed.” Educative curricular materials based on learning progressions may take a 
different stance towards these misconceptions by suggesting activities that build on 
them as students move from one level to the next. 
 Similarly, learning progressions can inform the design of other educative tools 
such as assessment probes. In the Daphne project, Furtak and her colleagues 
(chapter 17) created an educative tool based on the learning progression that 
includes formative-assessment activities and sample student responses. The tool 
also includes suggested feedback strategies that teachers can use with students who 
give particular responses. This tool, then, honors students’ ideas and suggests how 
teachers can use these ideas to support students in moving towards upper anchor 
understandings.  
 In their MBI project, Windschitl, Thompson and their colleagues (chapter 17) 
developed a “user-friendly” version of the learning progression that teachers (both 
novice and candidate) could use as a diagnostic tool to describe their current 
practice and as a vision tool to imagine their ideal practice. The modified learning 
progression has a note at the upper anchor: “Aim for this!” This tool scaffolds 
teachers in self-assessment by helping them to be metacognitive in identifying 
where their practice currently falls and in seeing the goal practice of model-based 
inquiry. Using this information, teachers can work with their methods instructors to 
bridge the gap between their current practice and the upper anchor. In methods 
courses, instructors teach how to plan, enact, and reflect on upper anchor, model-
based inquiry classroom practices. However, instructors acknowledge the realities 
of the classroom and the challenges that teachers face in implementing model-
based inquiry and accept that there are different levels of practice. Instructors also 
acknowledge movement along the progression and the path that teachers follow as 
they develop more sophisticated practices. 

Using Alternative Ideas in the Learning Process 

Learning progressions identify the components of big ideas that can be addressed 
at different levels of sophistication. Occasionally, these components are out of 
reach for younger students. Ideas that are not completely accurate from a scientific 
point of view may be more accessible to such students and, through careful 
instruction, may be reconceptualized to support scientific understandings. Thus it 
may be fruitful, and perhaps even essential, to teach students ideas that are not 
entirely scientifically accurate in order for them to interact with content at a 
developmentally appropriate level. These scientifically inaccurate ideas are a 
“means to an end” in which the end is for students to achieve upper anchor 
understandings. For example, both Wiser et al., (chapter 16) and Foster and Wiser 
(chapter 18) use the example of teaching the stepping stone that “any piece of 
matter has weight.” While the idea that matter has weight is only true in a 
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gravitational field, the idea that “any piece of matter has mass” is not meaningful 
for students in elementary grades because mass is not an understandable concept 
for them. However, they are familiar with the concept of weight, which they can 
experience in the classroom through “hefting” and using scales (Wiser et al., this 
volume). Wiser and colleagues argue that the stepping stone “any piece of matter 
has weight” is essential to developing the scientific concept “any piece of matter 
has mass” later. However they note that both scientists and science educators may 
challenge the use of inaccurate stepping stones, especially if such stepping stones 
appear in standards documents. 
 Participants at the LeaPS conference agreed that the use of inaccurate ideas as 
learning goals (either in standards or curriculum materials) must be justified. There 
has to be substantial empirical evidence that (1) the inaccurate idea is generative 
and (2) the inaccurate idea can be reconceptualized as a scientifically accurate idea 
using specific tools or strategies. While there is a substantial (though, certainly not 
comprehensive) research on student misconceptions, there is little empirical 
evidence for methods for reconceptualizing inaccurate ideas. Thus research is 
needed that investigates whether and how this reconceptualization takes place.  

MAKING LEARNING PROGRESSIONS READY FOR USE 

 As some challenges described in the using strand chapters and the discussion in 
the sections above reveal, many crucial decisions are necessary before learning 
progressions are ready for use. At the national level, learning progressions were 
initially an organizing principle in the preliminary draft framework for the new 
national science education standards (NRC, 2010). However, taking into account 
feedback from experts in the field, the authors of final framework do not include this 
role for learning progressions. As the final framework states, “R&D [research and 
development] on learning progressions in science is at an early stage, many aspects 
of the core ideas and their progressions over time with instruction (as sketched out in 
the framework) remain unexplored territory” (NRC, 2011, p. 13–4). In their 
development of tools to bridge this gap in the research, Foster and Wiser (chapter 
18), documented the challenges inherent in this process. Despite these challenges, 
both Foster and Wiser and the authors of the national framework (NRC, 2011) realize 
the potential for using learning progressions and call for research to develop learning 
progressions that could be used in future iterations of standards.  
 In order for learning progressions to inform standards (and other uses), four 
criteria must be met. First, learning progressions must center on core ideas, and the 
core ideas must be clear (Foster & Wiser, this volume). In general, core ideas are 
ideas that scientists think are important, that informed citizens should know, and 
that can be used to structure the learning progression from the lower anchor to the 
upper anchor. Thus core ideas are important in the “learnability” sense as well as 
the scientific sense (M. Wiser, personal communication, August 31, 2011). 
However, having stakeholders use these criteria to come to a consensus about what 
core ideas are may be difficult. While the criterion of centering on core ideas is not 
new, it is essential if learning progressions are to narrow our focus to the big ideas 
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that help students achieve socio-politically important understandings. It is not 
useful for either large-scale applications (e.g., standards, large-scale assessments) 
or smaller scale applications (e.g., tools for formative assessment or classroom 
activities) if there are learning progressions for every topic in the current science 
curriculum.  
 Second, learning progressions must have lower anchors that take into account 
students’ preconceptions in a domain. For standards to move away from a solely 
top-down decomposition of the domain, learning progressions must honor and 
incorporate the ideas that students bring to learning and incorporate ideas about 
how students learn. For learning progressions to be useful at the classroom level, 
they must provide information to help move students from naïve understandings to 
higher stepping stones and upper anchor ideas.  
 Third, learning progressions must have an upper anchor that is based both on 
socio-political ideas and also empirically shown to be attainable by students 
graduating high school. Although current standards and many classroom-based 
tools (e.g., curricula) are somewhat based on socio-political ideas, mapping the 
upper anchors to specific understandings for scientific literacy can be strengthened 
by the focus on core ideas. Learning progressions can also provide evidence about 
the appropriateness of the ideas taught to high school students. Some current 
standards and classroom-based tools may include ideas that are too complex given 
new understandings of how students learn, while other standards and classroom-
based tools may be made more rigorous with new sequences of stepping stones and 
instructional techniques.  
 Fourth, the levels of learning progression must include empirically-based stepping 
stones that represent significant reconceptualizations toward the upper anchors. 
These sequences of ideas may be radically different as the result of new conceptions 
of how students learn and of the effects of learning progression-based instruction.  
 It is apparent in consideration of these criteria for learning progressions that 
empirical evidence is necessary for decision-making. Given the impact that 
standards have on the educational system, evidence to validate learning 
progressions, especially those that inform standards and other large-scale uses, 
must be strong. The evidence should be obtained from a representational sample of 
students. One way to collect evidence about students who are at different grade 
levels and who come from diverse backgrounds is to use the student responses 
from state or national assessments (e.g., Alonzo, Neidorf, & Anderson, this 
volume). Data from such large-scale assessments can be extremely useful since 
these datasets are very large and include information from a wide range of 
students. These data are also helpful in testing various new measurement models 
for use with learning progressions because many models require large datasets. 
However, such datasets only provide information about what students can achieve 
with status-quo instruction. In fact, these datasets do not provide information about 
the instruction students have received on the specific content; some students may 
have had many quality opportunities to learn the content while others may have 
had few or none.  
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 Since learning progressions are not developmentally inevitable, data gathered 
from large-scale assessments are insufficient as explanations of whether a learning 
progression is useful for standards development or any other application. It is 
important to develop products and tools to test the ways students move along a 
learning progression (e.g., curricula, assessments, teacher preparation/ professional 
development). Testing the products and tools can provide validity evidence about the 
learning progression itself (i.e., whether students progress in the hypothesized ways) 
and also provide information about the learning progression-based products and tools 
(i.e., whether these products and tools scaffold students toward more sophisticated 
understandings). Thus, it is in these smaller scale uses that much evidence needed to 
flesh out the learning progressions research base can be gathered.  
 Design-based research is an essential type of learning progressions research 
because it allows for iterative design of interventions. Such interventions include 
curricula, professional development, and revision of the learning progression based 
on results (Barab & Squire, 2004; Brown, 1992, Cobb & Gravemeijer, 2008). The 
research that can move learning progressions forward will likely, “start with design 
experiments situated in classrooms that explore (a) how to specify the knowledge to 
be acquired by students at particular grade bands and (b) what instructional 
approaches might best support the proposed progressions” (NRC, 2011, pp. 13–4).  
 However, conducting design-based research with learning progressions is not 
straightforward. Because learning progressions are longitudinal, changes to the 
learning progression or tools at one level will affect content in the learning 
progression and tools at other levels, both above and below. Wiser et al. (chapter 
16) recognize that they may need to reconsider their research on the grades 3–5 
section of the learning progression after they have “zoomed-in” on the K-2 section 
and develop instructional tools for younger students. The reason for this 
reconsideration is that students who have had curricula that promote 
reconceptualization of specific aspects of the learning progression for matter before 
third grade may be at a higher level of the learning progression than students who 
have not experienced such curricula. “Thus very little is known about what can 
develop in later grades on the basis of successful implementation of solid learning 
progressions for a concept in the earlier grades” (NRC, 2011, pp. 13–4). In 
addition, design-based research on learning progressions may push ideas from 
traditional sequencing forward and have younger students working with ideas that 
have traditionally been regarded as out of reach. Conversely, learning progressions 
may problematize ideas (e.g., mass) that in past were assumed self-evident, thereby 
requiring more time on such key ideas (Lehrer & Schauble, in press). Similarly, 
design-based research on learning progressions may result in more effective 
instruction toward traditional learning goals, or it may redefine what is possible 
based on new ways of conceptualizing learning (Cobb & Gravemeijer, 2008).  
 Ultimately, multiple types of evidence must be gathered to validate learning 
progressions for multiple uses. These data should be assembled in systematic ways 
in order that learning progressions with different breadths and grain sizes can be 
coherently connected to multiple aspects of science education. For example, 
learning progressions that have been informed by what students can achieve with 
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specific instruction can be used to create assessment items that are tested at the 
larger scale. The data from student responses to these items may inform the 
validity of the learning progression for larger audiences. The data may also allow 
researchers to refine their learning progressions and the associated products and 
tools for scale-up with more diverse audiences. The process of combining data 
from multiple sources, a process that is neither simple nor linear, is an area 
requiring additional investigation.  

CONCLUSIONS 

Learning progressions may help us address the challenges we encounter when 
standards and curricula are “a mile wide and an inch deep” (Schmidt, McKnight, & 
Raizen, 1997, p. 122). State or national standards control many aspects of science 
education. In addition, state and national assessments are developed on the basis of 
standards (see the assessing strand of this book for a discussion of the challenges in 
assessments). In backwards design of learning materials and environments 
(Wiggins & McTighe, 2006), the first step is to articulate the learning goals and 
outcomes, which in most cases are dictated by standards documents. Thus 
incorporating learning progressions into standards could create a powerful “trickle 
down” effect that integrates learning progressions with curriculum development, 
instruction, assessments, and teacher preparation/ professional development. 
However, given the strong influence of standards, it is imperative that learning 
progressions are not pushed into prime time before thorough research has been 
conducted (e.g., Shavelson & Kurpius, this volume).  
 Although learning progressions may bring coherence to standards and curricula, we 
should not forget the promise of learning progressions for smaller scale uses such as 
classroom assessments. Learning progressions that have a smaller grain size and cover 
less content (perhaps a “zoomed-in” section of a larger learning progression) can 
transform how students are taught. Educative tools and products can support teachers 
by helping them work more closely with student ideas as they scaffold students 
towards scientific ideas (e.g., the Daphne project, Furtak et al., this volume). Revised 
curricula can include experiences that also scaffold students in reconceptualizing their 
ideas and moving them toward scientific understandings (Wiser, et al., this volume).  
 More research is needed on how broad learning progressions that may inform 
standards and large-scale assessment can be “zoomed-in” and unpacked for small-
scale use, such as curriculum development and classroom assessments. In addition, 
research is needed on how learning progressions with small and large grain sizes 
can be connected so that learning progressions meet their promise of bringing 
coherence to multiple levels of science education. 
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LEAPING FORWARD 

Next Steps for Learning Progressions in Science 

The chapters in this book illustrate the complexity of work on learning 
progressions. Through their discussion of issues and design decisions, the authors 
of these chapters highlight the challenges of this work. This focus is a departure 
from typical portrayals in conference presentations and journal articles. Therefore, 
we appreciate the authors’ willingness to share aspects of their work that are rarely 
made public. While there is certainly great interest in the products of work on 
learning progressions (e.g., completed learning progressions and associated tools, 
reports on the impact of learning-progression-based tools), this book takes a step 
back to carefully consider the challenges in learning progression work. In this 
sense we embrace the stance that “anything worth doing is difficult” (and, we 
would add, complex). Work on learning progressions seeks to capture and inform 
student learning in all its complexity. This lofty goal is not easily accomplished. 
However, as described in the introductory chapter (Gotwals & Alonzo, this 
volume), the pay-off is likely to be substantial if learning progressions can achieve 
their promised influence on science education.  
 As work on learning progressions advances, we believe that candid discussions 
are essential. Consideration of the challenges and potential solutions employed by 
the chapter authors can help the field to mature so that each group is not 
“reinventing the wheel.” Cumulative efforts may then lead to deeper knowledge of 
how students learn and greater clarity about the learning progression construct. The 
result may be more valid learning progressions and associated tools. Illustrations of 
the complexity of work on learning progressions may also create more realistic 
expectations about the prospects for immediate application of learning progressions 
in large-scale policies and practices. While quick fixes may be sought, and we may 
become more efficient in our work on learning progressions, it may be neither 
desirable nor possible to take shortcuts in the iterative process of developing valid 
learning progressions and associated tools.  
 Through descriptions of the challenges they face in their work, the chapter 
authors show how even seemingly simple aspects of the development, 
investigation, and use of learning progressions require design decisions—decisions 
that are constrained by a number of factors and that reflect underlying 
commitments. For example, defining a learning progression is not simply a matter 
of synthesizing research literature or hypothesizing an order for scientific topics. 
Decisions must necessarily be made about the focus and grain size of the learning 
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progression and about how the levels represent progress towards targeted 
knowledge and practices. These decisions have consequences for assessing, 
modeling, and using learning progressions. Consistent with principles of design 
research (e.g., Gravemeijer & Cobb, 2006), it is essential for those working on 
learning progressions to articulate their design decisions and underlying 
commitments so that that both are open for debate.1 We hope that the chapters in 
this book provide models for making these aspects of work on learning 
progressions explicit and subject to discussion.  

CONSIDERING CHALLENGES ACROSS STRANDS OF WORK ON LEARNING 
PROGRESSIONS 

In order to structure both the LeaPS conference and this book, we divided work on 
learning progressions into four strands: defining, assessing, modeling, and using. 
Each strand represents a different aspect or phase of this work. However, because the 
strands are tightly intertwined, it is not possible to work on a single strand without 
considering other strands. Thus the projects described in the exemplar chapters do 
not represent isolated work in a particular strand; rather, the authors have highlighted 
certain aspects of their work in this book. As many of the chapters illustrate, the work 
of defining (and refining) learning progressions necessarily involves design of 
assessments, development of techniques for modeling students’ responses to those 
assessments, and careful consideration of the uses intended for particular learning 
progressions. Thus, in this concluding chapter, we pull the strands together in order 
to consider larger challenges in work on learning progressions. 

Challenges that Cut across Strands 

Lack of an adequate research base. In 2001, the National Research Council 
(NRC) report Knowing What Students Know called for assessment practices to be 
more responsive to “the cognitive and measurement sciences” (p. 1). As discussed 
in the assessing synthesis chapter (Alonzo, this volume) and reflected in other 
chapters, researchers have heeded this call. These chapters also call for further 
research that can inform work on learning progressions.  
 In the defining strand, research on student thinking is limited (both in scope and 
in nature). As additional research is conducted to explore student thinking across 
the K-12 curriculum, it may be particularly important to move beyond 
documentation of misconceptions (Alonzo, 2011) in order to describe student 
thinking in the “messy middle” (Gotwals & Songer, 2010, p. 277). In addition, 
there is little longitudinal research that documents student learning (the change in 
thinking) over time. Eventually, we need to move beyond the description of 
learning progressions as “partly hypothetical or inferential” (National Assessment 
Governing Board [NAGB], 2008, p. 90); studies are needed that explore whether 
student learning actually proceeds as hypothesized in learning progressions.  
 In the assessing strand, while promising techniques exist for eliciting students’ 
knowledge and practices, novel approaches to assessment are needed. Learning 
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progression assessments must reflect a “learning progression stance” (Alonzo, this 
volume, p. 247), meaning that they capture the nuances in student thinking rather 
than simply whether they “get” an idea. In addition, learning progressions often 
describe complex performances that must be elicited by assessment items. The 
challenges faced in this strand call for research that investigates the affordances 
and constraints of new item formats and delivery platforms. 
 In the modeling strand, new psychometric techniques may be needed to reflect 
(a) assumptions about the nature of student thinking as reflected in learning 
progressions and (b) the features of items designed to assess that thinking. In 
addition to investigating new modeling techniques, research is needed that 
evaluates methods for comparing fit across models.  
 Finally, the using strand raises issues about the types of learning progressions 
that are most useful to various stakeholders. Research is needed that examines the 
usefulness of learning progression products before they are “rolled out” on a large 
scale. Because learning progressions represent a non-traditional way of 
conceptualizing student thinking and learning, communication to stakeholders is 
particularly important. Otherwise, as Fullan (2000) noted about the large-scale 
reforms of the 1950s and 1960s, language will be adopted without fundamental 
changes in teaching practices, and learning progressions will fail to achieve their 
desired effect on the educational system.  
 Representing student thinking. The chapter authors ask questions about the 
nature of student thinking and its representation in learning progressions and 
associated products. The complexity of student thinking and learning challenges 
simple description. Learning progressions necessarily reflect some simplifications. 
The choices we make about what to simplify and what to keep complex may have 
important implications for the utility of learning progressions in both research and 
practice. The chapter authors in the defining and using strands consider the role of 
misconceptions in learning progression levels. On the one hand, if learning 
progressions are to honor student thinking as it develops, it may be important to 
include typical and/or productive misconceptions that—while not scientifically 
correct—arise as students move between naïve ideas and scientific ideas. On the 
other hand, there may be good reasons not to use these scientifically incorrect ideas 
as instructional goals in standards and curricula. As discussed in the using 
synthesis chapter (Gotwals, this volume), to a certain extent, the issue concerns 
how learning progressions are translated into products for other stakeholders. 
However, this issue also concerns the nature of the learning progression construct 
itself and, as such, must be resolved as learning progressions begin to have a larger 
influence on educational policies and practices. 
 The issues about the nature of student thinking raised in the assessing and 
modeling strands are perhaps even more fundamental. Several questions about the 
representation of student thinking in levels underlie work in these strands. To what 
extent are levels an appropriate way of representing student thinking? What 
assumptions do researchers make about these levels? For example, do we assume 
that students’ knowledge and practices are coherent and therefore that students 
should operate consistently at a given level? Or do we assume that students are 
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likely to exhibit characteristics of a variety of levels, depending upon the 
situation?2 While concerns have been raised about levels as a means of 
representing student thinking, participants at the recent National Science 
Foundation (NSF) learning progression “footprint” conference3 asked, “If not 
levels, then what?” Even if one assumes that levels provide an adequate 
representation of student thinking, questions arise about the nature of those levels. 
Are they simply ways of parsing a continuous quantity? Or are they more “step-
like”?4 In addition, as a field, we have not yet grappled with the likelihood that 
“there may be multiple pathways by which certain understandings can be reached,” 
where “prior instructional experiences, individual differences, and current 
instruction” (NAGB, 2008, p. 90) influence the pathway that a particular student 
takes. How can multiple pathways be represented in a learning progression? And 
what are the implications for assessing, modeling, and using learning progressions?  
 As the field addresses these questions about the nature of student thinking and 
learning and considers how to represent the answers in learning progressions and 
associated tools, it is particularly important that we state our assumptions. If—as is 
the case for all learning progression examples to our knowledge—levels are 
defined, what assumptions are made about student thinking relative to those levels? 
What do the levels represent? What simplifications are made? Forthrightness in 
answering these questions is important in communicating with other researchers 
and stakeholders.  
 Deciding on grain size. Throughout the book, chapter authors mention the issue 
of grain size. However, as we worked with them, we realized there were different 
ways of considering grain size. Clarity of terminology is an important first step 
towards careful discussion of this issue. It may be that grain size needs to be 
considered in multiple ways (e.g., Alonzo, this volume), but this can only occur 
when we are clear about our definitions.  
 In the defining synthesis chapter (Mohan & Plummer, this volume), grain size 
refers to the size of the levels—or to the size of the transition between adjacent 
levels. In the modeling synthesis chapter (Briggs, this volume), grain size refers to 
the detail used to describe each level. While these different definitions of grain size 
are clearly related—and related to the overall breadth of the learning progression—
they may lead to different decisions and different trade-offs in how learning 
progressions are assessed, modeled, and used.  
 Grain size is just beginning to be discussed in the field, and as yet there are no 
simple guidelines to follow in making grain-size decisions. As with other design 
decisions, it is important that there is clarity about the choice of grain size. Because 
grain-size decisions depend on the interplay between empirical evidence and 
practical considerations, researchers will make different decisions about grain size; 
the reasons for these decisions should be documented. As the four synthesis 
chapters discuss, the intended use of a learning progression may determine whether 
a finer or a coarser grain size is more useful. For example, while teachers may need 
fine-grained learning progressions to inform instruction, standards developers may 
find coarse-grained learning progressions more suited to their purposes. However, 
practical constraints (such as the number of items that can be administered, 
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whether in large-scale or classroom assessments) may limit our ability to 
differentiate between levels. With a limited number of items, fine-grained 
diagnoses of student thinking may not be possible. In addition, the nature of 
student thinking may affect decisions about how best to portray that thinking in 
learning progression levels. While it may be theoretically possible to make fine-
grained distinctions between levels, empirical evidence may indicate that these 
distinctions cannot be made reliably on the basis of students’ performances. In this 
case, a coarser grain size may be more appropriate. Conversely, empirical evidence 
may indicate that the broad levels of coarse-grained learning progressions do not 
capture meaningful differences in students’ performances (e.g., Schwarz, Reiser, 
Acher, Kenyon, & Fortus, this volume). In such instances, depending upon the 
purpose of the learning progression, a finer grain size may be more useful.  
 Evaluating/validating learning progressions. As researchers grapple with the 
challenges described above, they face uncertainty in evaluating their work. Clear 
criteria do not yet exist for evaluating learning progressions and their associated 
products (such as curricula and assessments). Anderson (2008) contributes to this 
discussion by listing possible criteria for use in a validity argument for a learning 
progression. He starts with three qualities that learning progressions should 
possess: conceptual coherence, compatibility with current research, and empirical 
validation. In a table entitled “Criteria for Validity of Learning Progressions”  
(p. 4), Anderson uses these qualities to develop criteria for three components of 
learning progressions: individual cells, levels of achievement, and progress 
variables. For example, applying the empirical validation quality to levels of 
achievement results in the following criterion: “Levels have predictive power: 
Students should show similar Levels of Achievement for Learning Performances 
associated with different Progress Variable [sic].” As another example, applying 
the empirical validation quality to progress variables results in the criterion: 
“Progress from one Level to the next can be achieved through teaching strategies 
that directly address the differences between Learning Performances.” 
 However, there are few examples of such validation work, and the field has not 
agreed on what “counts” as high-quality (or even adequate) evidence. As Corcoran, 
Mosher, and Rogat (2009) note, validation efforts vary in the extent to which 
evidence has been gathered and in the methods used. Perhaps most saliently, some 
validity evidence has been collected under conditions of “status quo” instruction, 
while other evidence has been collected in very different (and carefully designed) 
instructional conditions (Mohan & Plummer, this volume).  
 Status quo evidence is often used in investigations of individual levels, which 
may focus on the predictive power of these levels (e.g., Alonzo & Steedle, 2009). 
Because this type of validation work requires careful consideration of the extent to 
which different learning performances “hang together” in the same level, the focus 
is on eliciting individual students’ thinking about a range of phenomena. Therefore, 
methods such as cognitive and think-aloud interviews are commonly used. 
 In contrast, researchers who provide students with carefully constructed 
instructional experiences (e.g., Wiser, Smith, & Doubler, this volume) may focus 
more on the transitions between levels and on whether instruction is effective in 
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achieving these transitions. This work addresses the criterion that teaching 
strategies can be used to achieve progress between levels. This validation work 
may involve a variety of methods. Wiser et al. use cognitive interviews to explore 
how individual students experience their carefully designed instruction. Anderson’s 
group (e.g., Mohan & Anderson, 2009) implements teaching experiments—
targeted efforts to advance students from one level of a learning progression to the 
next—and uses paper-and-pencil assessments to evaluate the progress made by 
students under these conditions.  
 These differences in approaches to validation may reflect different stances or 
simply different stages of work. For example, Anderson’s group has explored 
student thinking under conditions of both status quo and carefully designed 
instruction. They began with status quo instruction (e.g., Mohan, Chen, & 
Anderson, 2009), but more recently they have turned to carefully designed 
instruction (e.g., Gunckel, Mohan, Covitt, & Anderson, this volume; Mohan & 
Anderson, 2009).  
 As a field, we need to engage in discussions of the criteria for and the 
approaches to evaluating learning progressions. These discussions may vary 
depending upon the different uses of learning progressions. For example, a higher 
level of certainty may be needed in high-stakes situations in which opportunities 
for correction are limited (e.g., accountability testing) than in low-stakes situations 
where corrections can easily be made (e.g., informing day-to-day classroom 
instruction). Without prematurely restricting the development, refinement, and 
validation work currently in progress, the field may eventually develop an 
argument (such as Clements, 2007, makes for curriculum research) for the research 
needed to provide validity evidence for learning progressions (and for what 
acceptable evidence of validity might entail).  

Challenges in Coordinating across Strands 

As has been argued throughout this book, work on learning progressions requires 
collaboration among those with varied expertise. The work of developing, refining, 
and validating learning progressions requires iterative cycles with input from 
science educators, learning scientists, assessment experts, and psychometricians. 
While all these players should be involved in learning progression work, each 
strand requires different combinations of expertise. Thus the strands may highlight 
contributions of specific groups. For example, psychometricians may primarily be 
involved in the assessing and modeling strands. However, their input is also needed 
in the defining and using strands. 
 As we begin to organize science education around “big ideas,” traditional 
disciplinary boundaries may become more porous. As a result, learning 
progressions may describe knowledge and practices that transcend the divisions 
among physics, biology, chemistry, earth science, and even mathematics. For 
example, work on a learning progression for matter and atomic-molecular theory 
(e.g., Smith, Wiser, Anderson, & Krajcik, 2006; Wiser et al., this volume) 
acknowledges the importance of students’ epistemic knowledge about 
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measurement. This work has important parallels to work on a learning trajectory 
for measurement in mathematics (Barrett et al., 2012). In addition, there are 
connections between the work of Lehrer and Schauble (2004) on data-modeling to 
support students’ understanding of evolution and the work of Cobb and colleagues 
on students’ understanding of statistical covariation (e.g., Cobb, McClain, & 
Gravemeijer, 2003). Thus there may be important connections at the level of 
individual learning progressions/trajectories that provide opportunities for 
curricular coherence across subject areas.  
 Stakeholders outside the research community may begin to apply learning 
progressions in decisions about standards, assessments, curricula, and teacher 
professional development. These stakeholders must be part of our conversations 
about learning progressions. Learning progression work requires unusually high 
levels of collaboration among those who may not have worked together in the past. 
Although we may come from communities with very different ways of 
conceptualizing and talking about student thinking and learning, this diversity can 
be a benefit. Such diversity may contribute to the development of products that 
reflect the best thinking in a number of areas. Yet this diversity may also present 
challenges. We are not always used to working with people who use different 
professional language and make different assumptions about student thinking and 
learning. We need “boundary crossers” who can facilitate our work by clarifying 
the language and assumptions that are essential for productive collaboration.  

MOVING FORWARD 

Contributing to Policy Conversations 

In the preceding discussion and, indeed, in most of the book, we have portrayed the 
interconnections among the four strands of work on learning progressions. 
However, there is an inherent tension between the work needed to develop/refine 
learning progressions and associated tools (the first three strands) and the press for 
immediate application of learning progressions (the using strand). For example, the 
NRC (2011) called for a significant role for learning progressions in the 
development of new science standards. The learning progression construct is 
already influencing the development of standards in mathematics. The Common 
Core State Standards (CCSS) Initiative (2010) claims that the development of 
standards in mathematics “began with research-based learning progressions 
detailing what is known today about how students’ mathematical knowledge, skill, 
and understanding develop over time” (p. 4). However, as Shavelson and Kurpius 
(chapter 2) caution, learning progressions may not be ready for prime time. Indeed, 
the CCSS Initiative acknowledges the limits of existing work on learning 
progressions: “One promise of common state standards is that over time they will 
allow research on learning progressions to inform and improve the design of 
standards to a much greater extent than is possible today” (p. 6). Despite this 
acknowledgement, the assessment consortia that are developing assessments of the 
CCSS consider learning progressions a key component of their work (D. Briggs, 
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personal communication, July 20, 2011). Thus, while there are unprecedented 
opportunities for research to have immediate influence on practice, we are wise to 
heed Shavelson and Kurpius’s caution that learning progressions may be rapidly 
applied and dismissed if they are not implemented carefully and as intended.  
 As researchers, it may be easy for us to put our heads down and focus on the 
esoteric details of our research agendas. However, although we may think our work 
is not yet ready for immediate application, we cannot afford to remain detached from 
the policy discussions related to learning progressions. If we do not have a voice in 
this arena, others will speak for us. Learning progressions are suffering from a 
“bandwagon effect”: this label is being applied to tools that do not meet the criteria 
for learning progressions held by many in the science education community. 
Although we do not have complete consensus, documents such as Taking Science to 
School (NRC, 2007) and the Consortium for Policy Research in Education (CPRE) 
report (Corcoran et al., 2009) have helped achieve some uniformity in how the 
science education community discusses and operationalizes learning progressions. 
Thus, while the chapters in this book reflect variation in specific details of the 
proposed learning progressions (including what is progressing and how long progress 
may take), they share a similar view of this construct. 
 The learning progressions in this book focus on “core ideas,” those that 
represent key instructional targets because they are important both scientifically 
and societally and “can be understood with increasing… complexity” (M. Wiser, 
personal communication, August 31, 2011). These learning progressions include: 
(1) a lower anchor that includes students’ pre-instructional ideas; (2) an upper 
anchor that represents either sociopolitical consensus about a desired learning goal 
or an important “stepping stone” that is the basis for a subsequent learning 
progression; and (3) empirically-based middle levels between the lower and upper 
anchors. These middle levels are not simply a decomposition of scientists’ 
knowledge and practices; rather they are attempts to faithfully describe the nature 
of students’ knowledge and practices. As discussed in the defining synthesis 
chapter (Mohan & Plummer, this volume) and in the using synthesis chapter 
(Gotwals, this volume), the middle levels may include knowledge and practices 
that may be considered “incorrect” from a scientific point of view; however, these 
incorrect knowledge and practices may be important stepping stones that support 
students’ progress towards targeted knowledge and practices. 
 As learning progressions gain traction and widespread popularity beyond the 
science education community, we need to (a) take a stand with respect to features 
of learning progressions that we can agree on and (b) use those features to 
differentiate our work from that of others who use this label to refer to very 
different kinds of work. For example, Popham (2011b) defines a learning 
progression as “a sequenced set of building blocks (that is, subskills and/or bodies 
of enabling knowledge) it is thought students must master en route to mastering a 
more remote, target curricular aim” (p. 1). This definition of learning progressions 
is now used in textbooks for pre-service teachers (e.g., Popham, 2011a) and in 
large-scale professional development programs for in-service teachers (see, for 
example, http://datause.cse.ucla.edu/iowa.php). These valuable forms of support 
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for both pre-service and in-service teachers may have big pay-offs for instruction. 
And, as Shavelson and Kurpius (chapter 2) note, teachers may play an important 
role in the development of learning progressions across the K-12 curriculum.  
 However, we must be clear in our use of language. There are crucial distinctions 
between definitions of learning progressions in the science education community and 
other definitions that influence current educational policies. Specifically, the learning 
progressions described in this book are more than “scope and sequence” documents. 
They attempt to describe the nature of student thinking, not to present a sequence of 
topics. In doing so, the learning progressions in this book prioritize the messy middle 
and, thus, attend to the “gray area” between naïve ideas and scientific ideas. Student 
thinking in the messy middle may include both scientifically correct and 
scientifically incorrect knowledge and practices. In contrast, many learning 
progressions that influence current educational policies focus solely on correct 
building blocks—the knowledge and skills students master at each level. While these 
learning progressions may be specified at a smaller grain size than that of typical 
scope and sequence documents, they focus on correct knowledge and practices rather 
than on typical ways of thinking and performing at different levels of sophistication. 
The learning progressions in this book identify qualitative distinctions between 
increasingly sophisticated knowledge and practices. In contrast, other types of 
“learning progressions” support dichotomous judgments about whether students have 
mastered building block knowledge and skills.  
 In many ways, the field is at an interesting (and challenging) point in its 
development. Even in its short history, the learning progression construct has 
influenced policy and research conversations in significant ways. However, in this 
initial period of discovery, researchers are pursuing learning progression work in 
many different ways. This variety may be due in part because practical work in this 
area (i.e., developing learning progressions and associated products) is occurring at 
the same time that the learning progression construct itself is debated and refined 
(L. Schauble, personal communication, July 26, 2011). While this situation 
complicates efforts to communicate with policy makers, we cannot wait to engage 
with policy until we have answers to our research questions and validated learning 
progressions to share. As Shavelson and Kurpius (chapter 2) warn, by that point, 
policymakers “will have long ago taken down [their] tents and headed for another 
apparently greener pasture” (p. 16). The influence that learning progressions will 
have on educational policies and practices depends upon our ability to 
communicate the essential features of this approach. 

Intersecting with Work beyond Science Education 

As work on learning progressions in science matures, it is important to consider 
lessons from related work in other fields. Work on learning progressions in science 
has involved those with varied expertise, but we have rarely looked beyond our 
own “backyard” to consider work in other areas of education. In particular, as 
highlighted by the recent NSF footprint conference, work on “learning trajectories” 
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in mathematics has been conducted largely in parallel to work on learning 
progressions in science.  
 From its inception, the learning trajectory construct in mathematics has had a 
classroom-level focus. Simon (1995) introduced learning trajectories as a way to 
support teachers’ use of information about student learning in the classroom. In 
science, learning progressions were introduced with an initial emphasis on the “big 
picture.” The NRC (2006, 2007) has focused on the large-scale potential of learning 
progressions (for example, through influence on curriculum and assessments) and has 
specified that learning progressions span 6-8 years of instruction. More recent work 
on learning progressions has considered classroom applications (e.g., Alonzo, 2011; 
Furtak, Thompson, Braaten, & Windschitl, this volume). However, work is needed to 
coordinate the use of learning progressions across different levels of the educational 
system. In this work and in informing classroom-level instruction and formative 
assessment practices, we may look to mathematics for guidance about the interplay 
between large- and small-scale applications of learning progressions.  
 In addition, researchers in mathematics education have wrestled with many of 
the issues we identify above. For example, Jere Confrey has worked in the policy 
arena to influence the development of standards based on preliminary results of 
research on learning trajectories (Penuel, Confrey, Maloney, & Rupp, 2011). The 
application of learning progressions to educational policy may occur more rapidly 
in mathematics because of the greater emphasis on mathematics in K-12 curricula 
and assessment. Science educators may therefore wish to follow the development 
of the mathematics CCSS assessments in order to inform efforts to use learning 
progressions to influence science standards and assessments.  

Recommendations for Future Work and Funding Priorities 

In conjunction with their contributions to policy conversations, learning 
progression researchers should continue to focus on the empirical research that 
advances the field. Much work is still needed in the development, refinement, and 
validation of learning progressions across the K-12 science curriculum. In this 
section, we argue for the type of research that can lead to important contributions 
to policy deliberations. 
 Long-term efforts. The development, refinement, and validation of learning 
progressions require long-term work. One of the strengths of learning 
progressions is that they rely on detailed descriptions of student thinking and 
learning. However, such descriptions take time and effort to develop. If we take 
seriously the notion of learning progression work as design research, it is apparent 
that such work is both time-consuming and exacting (e.g., Cobb et al., 2003). 
Therefore, research funding is needed not only for development and classroom 
tryouts of learning-progression-based curriculum materials but also for the 
refinement of those materials (and the underlying learning progressions). 
Advancing the field requires clear documentation of both iterative cycles of 
revision and underlying design decisions (including the theoretical commitments 
and empirical evidence on which they are based). This design work requires a 
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great investment of time and money, but it is essential for significant changes to 
current educational policy and practices. 
 As noted above, longitudinal research is essential to move learning 
progressions from hypothetical constructs to empirically validated tools. 
Teaching experiments (e.g., Delgado, 2009; Mohan & Anderson, 2009) may 
demonstrate that students progress from one level to the next with appropriate 
instruction. However, teaching experiments are often limited in duration. Ideally, 
learning progressions would allow students to experience coherent instruction 
over longer periods of time. As learning-progression-based instruction becomes a 
reality in classrooms, the knowledge and practices expected of students at a 
particular grade level may be quite different from what students currently 
achieve. Therefore, a learning progression that is developed, refined, and 
validated on the basis of current students making progress from one level to the 
next may be quite different from one that is developed, refined, and validated on 
the basis of following students from one grade level to the next over many years. 
Thus learning progression work may require carefully designed instruction over 
longer time periods than the duration of a single teaching experiment. In 
addition, learning progressions that influence educational policies and practices 
cannot be considered static documents. In particular, learning progressions for 
the upper grades require revision as students experience learning-progression-
based instruction in the lower grades. 
 Funding for learning progression work should recognize the time required for 
this work. Design experiments require time for iterative cycles of revision and for 
the documentation of those revisions. Longitudinal research with the same students 
over increasingly longer time periods may be required to fully understand how 
knowledge and practices develop. Typical funding cycles—three to five years—
may be insufficient for the development, refinement, and validation of learning 
progressions. One solution may be to fund the initial stages of work on a learning 
progression with a commitment to provide additional funding for the collection of 
validity evidence if initial results are promising.  
 The work supported by the initial funding cycle may take different forms for 
different projects. As Plummer (chapter 5) describes, some researchers may begin 
with a synthesis of available literature and then develop a preliminary learning 
progression that draws upon this literature. They may supplement this literature 
review with additional research on the nature of student thinking using interviews 
and responses to written assessment items. For other researchers (e.g., Wiser et al., 
this volume), initial work on a learning progression may use the literature to 
hypothesize new ways of engaging students with a core idea. The learning 
progression can then be developed and refined through design work to support 
students’ knowledge and practices.  
 Decisions about additional funding may be made at the conclusion of this initial 
work. Such decisions depend on considerations of what counts as “promising” 
research and how to determine whether more resources should be invested in a 
particular learning progression. Without such additional cycles of funding, we will 
continue to develop promising, but not empirically validated, tools.  
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 Coordinated collaborative efforts. Work on learning progressions holds 
promise of achieving much-needed coherence across the educational system, such 
that student learning is supported over extended periods of time. However, because 
the development of learning progressions that span a wide age range is a daunting 
undertaking, it is unrealistic to expect a single research group to conduct the 
painstaking work required to develop an entire large-scale learning progression. As 
an example, consider the work on the matter and atomic-molecular theory learning 
progression (commissioned by the NRC and reported in Smith et al., 2006). This 
broad learning progression, which spans grades K-8, describes how elementary and 
middle school students may develop knowledge and practices essential to this key 
concept. Smith, Wiser and colleagues (e.g., Wiser et al., this volume) have 
conducted detailed work on a small portion of this learning progression. Their 
work is a type of nested “zooming in and out” that Gotwals (this volume, p. 463) 
discusses in the using synthesis chapter.  
 Although examples of nested work are rare, different research groups are 
developing learning progressions that describe students’ learning of the same 
knowledge and practices. Post hoc connections between these learning 
progressions may provide approximations of more ideally coordinated work. 
However, as Foster and Wiser (chapter 18) note, the choices made by different 
research groups may impede efforts to “stitch together” learning progressions. 
Therefore, we recommend that the field consider funding structures that permit 
coordination of detailed individual projects under the umbrella of an overarching 
learning progression. This structure may be useful in bringing together findings 
from individual projects in order to develop broad learning progressions that can 
inform K-12 science instruction. 
 While individual learning progressions may provide coherence in students’ 
learning about related knowledge and practices, attention must also be paid to the 
overall coherence of students’ science instruction. Looking across learning 
progressions, we may ask: Do the knowledge and practices “hang together” in 
ways that support student learning? In addition to content connections across 
learning progressions—for example, issues of scale may be important in learning 
progressions for both astronomy and matter—scientific practices may provide 
important links between learning progressions. These practices may be developed 
in conjunction with a range of different content. For example, in a high school 
biology course, the practice of scientific modeling may be developed in intentional 
ways as students learn content related to genetics, biodiversity, and evolution. This 
requires attention not only to the individual learning progressions for genetics, 
biodiversity, and evolution but also to how students’ knowledge and practices 
develop across learning progressions. Synthesis grants and/or funding for working 
groups may support these efforts to coordinate across learning progressions in 
order to promote coherence in K-12 science education. 
 Networks of efforts to address fundamental questions. Concurrent with long-
term coordinated efforts to develop, refine, and validate learning progressions 
across the K-12 science curriculum, we should continue to conduct research that 
directly addresses challenges in learning progression work. For example, as noted 
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above, there are important questions about the nature of student thinking and 
learning, about assessment and modeling techniques, and about various 
stakeholders’ needs. While many of these questions may be addressed through 
large-scale work focused on learning progression products, there may be an 
important role for small targeted efforts that address fundamental issues. These 
smaller studies may be networked and linked to needs in the field, including 
challenges that arise in larger-scale studies. This structure may promote funding 
coherence, while still leaving room for smaller innovative work that may lead to 
generalizable findings that advance the field. 
 Varied expertise. As noted above, and emphasized throughout this book, work 
on learning progressions requires collaboration and intersections between cutting-
edge research in a variety of different areas. Such collaboration is necessary, both 
from the beginning of the work and throughout the development, investigation, and 
use of learning progressions. In particular, assessment and modeling should not be 
an after-thought. Decisions about these aspects of learning progression work can 
force us to clarify our underlying assumptions and, thus, may have a significant 
influence on all aspects of our work. 

CONCLUDING COMMENTS 

Learning progressions have great potential to improve educational policy and 
practices. However, that potential will only be realized through collaborative work 
that tackles the challenges discussed in this book (as well challenges yet-to-be 
discovered). Funding structures can support the collaboration that is essential for 
coherence across learning progression work as well as more innovative research to 
advance the field. This is both an exciting and a daunting time. As we move 
forward, transparency about our use of language, our underlying assumptions, and 
our design decisions are particularly important. As we undertake this work, we 
encourage the field to be as candid as possible about challenges (and ideas about 
their solutions). Such work requires collaboration and, thus, clear communication. 
We look forward to the impact that learning progressions may have on students’ 
educational experiences and learning. 

NOTES 
1 The concept of “design rationales” from the field of engineering (e.g., Moran & Carroll, 1996) may 

be of particular relevance to the design of learning progressions and associated products. Penuel, 
Confrey, Maloney, and Rupp (2011) provide an example of a design rationale for the development 
of a learning trajectory in mathematics. 

2 Discussions of learning trajectories in mathematics have taken this position by arguing that levels 
develop gradually out of the preceding level(s) rather than being sudden 
reconfigurations, and that means that students often can be considered to be partially at 
one level while showing some of the characteristics of the next, and “placing” them… 
becomes a matter of making probabilistic judgments that they are more likely to perform 
in ways characteristic of a particular level than those that come before or after it… does 
not suggest that ways of thinking or operating characteristics [sic] of earlier levels are 
abandoned—rather students may revert to them if conditions are stressful or particularly 
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complex, or perhaps as they “regroup” before they move to an even higher level. (Daro, 
Mosher, & Corcoran, 2011, p. 24) 

3 Charles Anderson, Principal Investigator; DUE-1132562. 
4  Here, too, we may wish to look to mathematics, where researchers have begun to discuss how levels 

of learning progressions/trajectories are conceptualized (e.g., Battista, 2011).  
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