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Abstract

This study reports on our steps toward achieving a conceptually coherent and empirically validated learning progression. It tells two stories: There is a research story, about the development and validation of a learning progression, and there is a learning story about the progression itself, which describes how children progress toward model-based accounts of carbon cycling in socio-ecological systems. We initially developed an Upper anchor framework organized around model-based accounts of carbon cycling, based on current national standards and research. The Upper anchor represented what we saw as a conceptually coherent understanding about carbon-transforming processes achievable by high school students. The Lower Anchor was based on our experience and reading of research about the reasoning of elementary school students.  

Through an iterative process of developing and administering written and interview assessments to students in upper elementary through high school, we identified Levels of Achievement. These Levels describe patterns in the way students made progress toward Upper anchor understanding.  Younger learners (Level 2) perceive a world where events occur at a macroscopic scale and plants and animals work by different rules from inanimate objects (Inagaki & Hatano, 2002).  Gases are ephemeral, more like conditions or forms of energy such as heat and light than like “real matter”—solids and liquids. Level 5 learners perceive a world of hierarchically organized systems that connect organisms and inanimate matter at both macroscopic and large scales using chemical models.
We also consider patterns in the way students of different age levels mapped onto those Levels. Interestingly, we found that students at all age levels make some progress toward model-based accounts of carbon cycling, however, few high school students reasoned this way consistently. We discuss further plans for conceptual and empirical validation of the learning progression and implications our findings have for research, development of standards and curricula, and for science curriculum and instruction.  

Developing a Multi-year Learning Progression for Carbon Cycling in Socio-Ecological Systems- DRAFT

This article tells two stories. There is a research story, about the development and validation of a learning progression. We tell this story in the introduction and methods sections.  The product of our development process, the learning progression is itself our second story—a learning story about how children can develop understanding in a complex and important domain: Processes that transform carbon in socio-ecological systems.  We begin with the research story, move to the learning story in the Results section, and consider the implications of these stories for research, policy, and practice.

Learning Progressions in Science

Learning progressions are “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 (e.g., six to eight years)” (Duschl, Schweingruber, & Shouse, 2007). They are anchored on one end by what we know about reasoning of students on specific concepts entering school (i.e., lower anchors). On the other end, learning progressions are anchored by societal expectations (e.g., science standards) about what we want high school students to understand about science when they graduate (i.e., upper anchors). 

Our interest in learning progressions arises in part from a desire to make research on science learning more relevant and useful for developers of science education standards, curricula, and large-scale assessments.  It seems reasonable that developers should make use of insights from research on science learning.  This has rarely happened, however, because developers and researchers work under different design constraints.  Curricula and large-scale assessment programs need frameworks that describe learning in broad domains over long periods of time.  Researchers, on the other hand, are required to develop knowledge claims that are theoretically coherent and empirically grounded.  In general researchers have been able to achieve theoretical coherence and empirical grounding only for studies of learning over relatively short time spans (usually a year or less) in narrow subject-matter domains.  Faced with a confusing welter of small-scale and short-term studies, developers have understandably based their frameworks primarily on logic and on the experience of the developers.1
Recent work on learning progressions has been motivated by the guarded optimism that, in some content domains at least, our base of research on science learning is reaching the point where it may be possible to bridge the gap—to develop larger-scale frameworks that meet research-based standards for theoretical and empirical validation.  We will call the idea that this is possible the learning progression hypothesis.
The learning progression hypothesis suggests that although the development of scientific knowledge is culturally embedded and not developmentally inevitable, there are patterns in the development of students’ knowledge and practice that are both conceptually coherent and empirically verifiable.  Through an iterative process of design-based research, moving back and forth between the development of frameworks and empirical studies of students’ reasoning and learning, we can develop research-based resources that can describe those patterns in ways that are applicable to the tasks of improving standards, curricula, and assessments.  

In its general form, the learning progression hypothesis is a notion about what might be possible.  It can be tested only through specifics; we can try to develop existence proofs—actual learning progressions that describe student learning in relatively broad domains over relatively long periods of time that meet research-based standards for theoretical coherence and empirical validation.  We report in this paper on our progress in developing one existence proof for the learning progression hypothesis: A learning progression focusing on the role of carbon in processes in socio-ecological systems2.  
We have chosen carbon as the focus of our research because carbon-transforming processes are uniquely important in the global environment and understanding those processes is essential for citizens’ participation in environmental decision-making. In this study, we explore students’ accounts of matter transformations during biogeochemical processes, with the goal of developing a learning progression for students taking required science courses from upper elementary through high school. It is important to note that we have comparable reports on students’ account of energy transformations (Jin & Anderson, 2007), however, we have chosen to focus on students’ ability to trace matter in this report.

The Upper Anchor: Goals for Student Learning
The global climate is changing and with this change comes increasing awareness that the actions of human populations are altering processes that occur in natural ecosystems. The “carbon cycle” is no longer a cycle, on either local or global scales; most environmental systems—especially those altered by humans—are net producers or net consumers of organic carbon.  Humans have altered the global system so that there is now a net flow of carbon from forests and fossil fuels to atmospheric carbon dioxide. These changes are caused by the individual and collective actions of humans.  In a democratic society like the United States, human actions will change only with the consent and active participation of our citizens, which places a special burden on science educators.

In order to use science during environmental decision-making, citizens must account for the key carbon-transforming processes that connect systems together. They need to reason about complex systems and understand relationships between seemingly disparate events such as how sea ice available to polar bears in the Arctic is connected to processes inside leaf cells in the Amazon rain forest and to Americans driving their cars to work. Traditional science curricula obscure, rather than reveal, these connections.
Figure 1 is a Loop Diagram3 that represents what we see as necessary for citizens to know about carbon cycling in order to make these connections. It represents what we see as an upper anchor for our learning progression. Importantly, it represents how we have conceptually organized our domain of study. The key elements of Figure 1 are two boxes—environmental systems and human social and economic systems—and two large arrows connecting the boxes—human impact and environmental system services.  While we advocate that school science and social studies curricula should include both boxes and both arrows, in this report we focus primarily on the part of the loop that is included in the current science curriculum: the environmental systems box. 

Figure 1: Loop diagram for carbon cycling in socio-ecological systems
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Our Loop Diagram specifies that scientifically literate citizens need to be able to interpret the boxes and arrows of Figure 1 in terms of chemical models. The right-hand Environmental Systems4 box includes the familiar ecological carbon cycle, which students need to understand at multiple scales—as atomic-molecular, cellular, organismal, and ecological processes.  This understanding is included in the current national standards documents (AAAS Project 2061, 1993; NRC, 1996; NAGB, 2006).  Although the balance has never been exact (IPCC, 2007, page 14), in natural ecosystems the processes that generate and oxidize organic carbon are roughly in balance. However, we are extracting large amounts of organic carbon from environmental systems as biomass and fossil fuels (Environmental System Services arrow), oxidizing it to extract chemical potential energy to support our lifestyles (Human Systems box), and returning CO2 to the atmosphere (Human Impact arrow).  The ability to use these ideas to predict and explain these processes we define as an upper anchor achievement in our learning progression.

Challenges in Achieving Upper Anchor Reasoning

Reasoning about complex systems, such as that captured in Figure 1, can be challenging in many ways. The ability to organize components of a system into a network of relationships is a critical element of systems thinking (Hmelo-Silver, Marathe, & Liu, 2007; Ben-Zvi Assaraf & Orion, 2005).  Among the many challenges that students face, four are especially important because they play a key role in the organization of our learning progression. These challenges are: 
· Recognizing the chemical basis of life
· Identifying matter or chemical substances involved in systems and processes

· Reasoning about systems and processes at multiple scales
· Connecting carbon-transforming processes 

Recognizing the chemical basis of life

At a very young age children develop the idea that living and nonliving systems are governed by different rules. They recognize that living organisms have needs that differ from inanimate objects and explain changes in organisms using the notion of vitalistic causality (e.g., organisms eat to stay alive) (Inagaki & Hatano, 2002). By the end of elementary school, most children have learned about several organs in the human body, and therefore explain changes in organisms localized to these parts (e.g., lungs help breathe, heart pumps blood) (Carey, 1985). They recognize that these organs have specific functions in the body, although they do not associate functions with chemical changes in materials. By middle and high school, students learn about cellular work that supports organism functions, however, they struggle to develop descriptions for materials and functions at a cellular level (Dreyfus & Jungworth, 1989; Flores, Tovar, & Gallegos, 2003). In our own research at the college level, we found that most prospective science teachers—senior biology majors—said that when people lose weight their fat is “burned up” or “used for energy”—even when we offered a better option (the mass leaves the body as carbon dioxide and water) (Wilson et al., 2006). Even though students acquire some understanding of cell functioning, their ability to make sense of matter transformations at this level, and distinguish matter from energy, remains challenging for people of all ages (Canal, 1999; Driver, Squires, Rushworth, & Wood-Robinson, 1994; Leach, Driver, Scott, Wood-Robison, 1996a, 1996b; Hesse & Anderson, 1992).

Initially, young children do not recognize plants as living organisms (Inagaki & Hatano, 2002). During the elementary years, however, they come to learn about materials that plants need to live and begin to classify plants as living organisms. Young children hold the idea that plants take in food from their roots (Roth, 1984; Driver et al., 1994), which remains a particularly strong misconception about plant. A widely circulated Private universe video shows Harvard and MIT graduates failing to understand that the mass of a tree comes largely from carbon dioxide in the air. 
Identifying matter or chemical substances involved in systems and processes
We focus on tracing matter because of its prominent role in explaining chemical changes, both in amount (quantitative conservation of mass) and by identifying the materials or substances—or atoms and molecules—involved in chemical changes.  There is abundant evidence from previous research that most students have difficulty accounting for matter, especially at the atomic-molecular level (see Wiser & Smith, for example). Numerous studies (e.g., Anderson, Sheldon, & Dubay, 1990; Songer &, Mintzes, 1994; Zoller, 1990) document troubling gaps in young students’ and adults’ understandings of chemical substances involved in matter transforming processes. For instance, students identify few materials chemically (Johnson, 2000, 2002; Liu & Lesniak, 2006) and use their knowledge of physical changes to account for changes that happen chemically (Hesse & Anderson, 1992). They struggle particularly with explaining chemical structures of organic materials, and may default to gas-gas cycles (e.g., oxygen becomes carbon dioxide in the body) because they cannot account for all the materials involved in chemical reactions. Gases are particularly difficulty, especially tracing materials through transformation that involve a solid or liquid material changing into gas(es) (Benson, Wittrock, & Baur, 1993; Wiser & Smith, in press). These barriers are especially problematic for tracing matter through carbon-transforming processes, since few students intuitively use conservation of matter as a constraint in their reasoning (Driver et al., 1994; Leach et al., 1996a, 1996b) or have an understanding of the chemical nature of materials.

Reasoning about systems and processes at multiple scales
The observable manifestations of key processes occur primarily at a macroscopic scale, in the form of organism growth and weight loss, decay, and burning. Although less observable (at least to students), these processes are also evident in large-scale events, such as global climate change.  Complex systems, such as Figure 1, are characterized by multilevel organizational structures, in which making sense of relationships between components involve connecting these scales. With such complexity, the relationships are often invisible to the untrained eye. Students, for example, intuitively focus on visible aspects of systems and do not readily use atomic-molecular accounts to explain macroscopic or large-scale events (Ben-Zvi, Eylon, & Silberstein, 1987; Hesse & Anderson, 1992, Hmelo-Silver et al., 2007; Lin & Hu, 2003; Mohan, Sharma, Jin, Cho, & Anderson, 2006; Nussbaum, 1998). Thus, students do not easily maneuver the complex hierarchy that exists, even when they may have the knowledge to do so. It is our hope, that the carbon cycle learning progression can provide insights to how students acquire accounts at different scales, and eventually how they come to use chemical models to explain changes at the macroscopic and large-scale scales.

Connecting carbon-transforming processes
We have described the challenges that students encounter as they come to learn about the chemical basis of life, materials, and scale. However, the Upper anchor shown in Figure 1 emphasizes carbon-transforming processes in environmental systems, as well as the process of combustion, that connects environmental systems to the needs and impact of human systems. We grouped the processes into those that generate organic carbon through photosynthesis, those that transform organic carbon through biosynthesis, digestion, and food chains, and those that oxidize organic carbon through cellular respiration and combustion. Students struggle to make connections between processes that occur in both living and nonliving systems.  Table 1 further elaborates the Upper Anchor of the learning progression and the domain for our study. The table is organized around the three5 processes in socio-ecological systems, and divided in terms of macroscopic and large scale. Moreover, it includes expectations for what students should understand about the chemical nature of materials and life as applied to macroscopic and large-scale events.

Table 1: Domain for Tracing Matter through Processes at different Scale 

	SYSTEMS
	Environmental Systems
	Human Systems

	PROCESSES 
	Generation of Organic Carbon
	Transformation of Organic Carbon


	Oxidation of Organic Carbon 
	Oxidation of Organic Carbon



	Chemical Models applied to

Macroscopic Scale


	Identify structure and chemical identity of biomolecules at cellular and atomic molecular levels (carbohydrates, fats, proteins) and explain matter transformation during metabolic processes in single & multi-cellular organisms, including photosynthesis, biosynthesis, digestion, and cellular respiration (weight loss, decay).


	Identify structure and chemical identity of energy resources and sources (fossil fuels) at atomic-molecular level and explain matter transformation during combustion of biomass and fossil fuels.



	Chemical Models applied to Large Scale


	Identify and explain long-term change in matter pools and carbon fluxes and trace matter in food chains/webs in terms of trophic dynamics.


	Identify and explain long-term change in matter pools (fossil fuels) and carbon fluxes associated with human energy use and trace matter in processes that influence global climate change.




Methods

Our long-term goal is to develop and validate a learning progression that begins (the Lower Anchor) with levels of knowledge and practice that are typical of students in upper elementary school, defines a series of transitional levels, and culminates in the Upper Anchor defined by Figure 1 and Table 1 above.  The development of the learning progression is an iterative process, as is typical of design-based research (Brown, 1992; Cobb, Confrey, diSessa, Lehrer, & Schauble, 2003).  We developed an initial hypothetical framework defining Upper and Lower Anchors and transitional Levels, developed assessments based on that framework, used the results of the assessments to revise the framework, which led to new assessments, and so forth.  After some initial pilot work, we have completed three full cycles of framework design and assessment.  The results reported here are from the third assessment cycle and the resulting revisions in the learning progression framework.
We begin by laying out a general structure for the learning progression and suggesting standards for theoretical and empirical validation.  We then describe the participants, data sources, and data analysis for the work reported in this article.

Structure and Standards for Validation

General structure of the learning progression

The successive learning progression frameworks that we have developed have the same general structure, represented in Table 2 (and in much more detailed versions in Appendices B and C).  It identifies a unit of analysis: accounts of processes in socio-ecological systems.  It organizes students’ accounts according to (a) processes and (b) Levels of Achievement.  Each of these components is discussed below.  

Table 2: Learning Progression Framework

	Levels of Achievement
	Photosynthesis
	Transformation of organic carbon
	Cellular Respiration
	Combustion
	Large-scale processes

	5: Qualitative model-based accounts
	Learning performances for specific processes 

and Levels of Achievement: 

Accounts of processes in socio-ecological systems

	4: “School science” narratives 
	

	3: Events with hidden mechanisms
	

	2: Event-based narratives 
	

	1: Human-based narratives 
	


Learning sequences for processes (discussed above) are the columns of the table.  Students can account for these processes or their visible manifestations (e.g., plant growth for photosynthesis, animal growth for transformation of organic carbon) at all Levels of Achievement, so that their development can be traced across Levels.  

Levels of Achievement are patterns in learners’ knowledge and practice that extend across processes.  This is a key part of the learning progression hypothesis—that students’ accounts of different processes will be aligned in predictable ways. 

Learning Performances are the contents of the individual cells of Table 2: the specific knowledge and practice characteristic of students who are at a particular Level and reasoning about a particular process.  Describing specific Learning Performances is at the core of the learning progressions hypothesis: The Learning Performances should be consistent with their position in Table 2, but they also provide specific predictions about student reasoning and student learning that can be tested empirically.  Thus it is through Learning Performances that we can link the learning progression framework to empirical data from assessments and teaching experiments, enabling us to test the learning progression hypothesis.  

For this learning progression we have identified a particular type of learning performance as the unit of analysis: accounts of processes in socio-ecological systems.  The three parts of this phrase each have significance:

· Accounts: in focusing on accounts we are deciding to look at students’ language, particularly accounts or stories about environmental events.  This unit of analysis can hopefully allow us to make comparisons among accounts of the same or similar events for students of different ages and backgrounds.

· Processes: focusing on processes emphasizes the dynamism of the systems we are interested in.  We want to see how students explain events, not just properties of the systems themselves.

· Socio-ecological systems: We are interested in the environmental systems box and the two arrows of the loop diagram (Figure 1), as well as the hierarchy of systems at different scales.

Theoretical and empirical validation

The learning progression hypothesis suggests that we can use theoretical and empirical criteria to evaluate proposed learning progressions.  The following are three qualities we are trying to achieve in developing our learning progressions:

· Conceptual coherence: a learning progression should “make sense,” in that it tells a comprehensible and reasonable story of how initially naïve students can develop mastery in a domain.  

· Compatibility with current research: a learning progression should build on findings or frameworks of the best current research about student learning.  This research rarely provides precise guidance about what Learning Performances are appropriate for students at a particular grade level, but it does provide both domain-specific (i.e., focusing on specific subject matter) and domain-general (i.e., focusing on more general aspects of learning and reasoning) constraints on learning progressions. 

· Empirical criteria: The assertions we make about student learning should be grounded in empirical data about real students.

These general criteria can be translated into specific criteria for the learning performances, Levels of Achievement, and learning about socio-ecological processes in the learning progression.  (That is, for the cells, rows, and columns of Table 2.)  Table 3, below, lists specific criteria that are guiding our research.

Table 3: Criteria for Validity of Learning Progressions

	Characteristic of Learning Progressions
	Conceptual Coherence
	Compatibility with Current Research
	Empirical Validation

	Individual cells: Learning performances
	· Learning performances are described in consistent ways, including (a) knowledge, (b) practice, and (c) context—real-world systems and phenomena.
	· Learning performances are compatible with those described in the research literature.
	· Learning performances describe actual observed performances by real students.

· Students are consistent across different questions or modes of assessment (e.g., written assessments and clinical interviews) that assess the same learning performance

	Rows: 

Levels of Achievement
	· Levels are conceptually coherent: Different Learning Performances reflect some underlying consistency in reasoning or outlook
	· Levels reflect consideration (explicit or implicit) of strands of scientific literacy.
	· Levels have predictive power: Students should show similar Levels of Achievement for Learning Performances associated with different Progress Variable.

	Columns: Learning Sequences for  Processes
	· Definition of Progress Variable captures important aspects of Learning Performances at all Levels of Achievement
	· Progress from one Level to the next is consistent with research on students’ learning, considering all strands of scientific literacy
	· Progress from one Level to the next can be achieved through teaching strategies that directly address the differences between Learning Performances


The validation of the learning progression, like the development process itself, is iterative, with each new iteration making progress toward fully meeting all of the criteria.  In this article we argue that we have developed a learning progression that meets all of the conceptual criteria reasonably well and that meets the compatibility with current research and empirical criteria for learning performances.  We discuss preliminary analyses leading toward validation of the Levels of Achievement and learning criteria (i.e., the rows and columns of Table 2), as well as our plans for further validation.

Participants

Michigan location. Nine teachers and 280 students participated in the written and interview assessments, including 2 teachers and 90 students from 4th grade (i.e., elementary), 3 teachers and 80 students from 6th, 7th, and 8th grades (i.e., middle school), and 4 teachers and 110 students from 9th-12th grades (i.e., high school). Eighteen high school students from 2 of the high school classrooms also participated in clinical interviews. The majority of participants were recruited from Michigan public school districts, except one high school teacher and 40 of her students were recruited from a math and science center for gifted high school students. Her students attended the center for their math and science classes, but returned to their public schools for their other courses. The Michigan teachers and students could be described as belonging to rural and suburban communities, and according to diversity indicators, they were in school districts serving largely Caucasian populations (i.e., 84-95% of students were Caucasian) and working and middle class families (i.e., 20-45% of students qualified for free or reduced lunches). 

Korea location. We also had one 6th- grade teacher and 20 of her American students located in a Korean-based Department of Defense school. The teacher was from Michigan and had worked closely with our project previously. The students were from various regions in the United States.

California location. We conducted interviews with 14 middle school students from 2 classes in a California school district (i.e., 7 students from each classroom). The students who attended the school could be described as belonging to urban and suburban areas, with the school serving families of low, middle, and upper socioeconomic classes. According to diversity indicators the school district served an ethnically diverse population with the student body composed of roughly 29% Caucasian students, 25% African-American students, 20% Hispanic students, 7% Asian students, and the remainder of students being of multiple ethnic groups or other ethnic backgrounds. Thirty-three percent of students qualified for free or reduced lunch, and over 10% of students were English Language Learners. 
Data Sources
Our primary data sources consisted of paper-and-pencil assessments and interviews collected from students taking required science courses during the 2005-06 and 2006-07 school years.  See Appendix A for a complete list of written and interview items.

Written assessments. Written assessments contained items developed during the three-year period (2004-2007). The written assessments varied in length depending on age level, but typically included 12 or more open-ended questions.  The total item pool included 63 items, though no individual student responded to all of them.  

In some cases teachers administered “pre” and “post” assessments to their students and used materials that we designed. When given the option, we used both pre- and post-assessments since the goal of our study was to document the range of responses from students, hoping that post-assessments might provide more sophisticated explanations compared to pre-assessments. Thus, we strived to increase, as much as possible, the diversity of responses used in our analysis, hoping that this diversity would improve the development of the learning progression levels. 
The written items focused on what happens to matter (i.e., or “stuff”) during carbon-transforming processes. We selected 8 written items for use in this report, which included questions about: an acorn growing into a tree and gaining mass, a person eating and digesting an apple, the relationship among grass, cows, people, and bacteria, a person losing weight, the decomposition of an apple, the burning of a match, how cutting down trees might affect climate change, and how burning gasoline in a car might affect climate change.  These items are included in Appendix A.
Clinical interview.  In the clinical interviews we gave students a set of cards, with each card showing a color picture and written description of an event. The events included physical and chemical changes, but we were particularly interested in the carbon-transforming processes, so the events in our analysis included: corn plants growing, a cow eating corn, a child eating a hamburger, a child running, a car climbing a hill, a tree decaying, and connections among these events. The events on the cards were posed to interviewees at a macroscopic scale. Based on how students explained and classified the events, interviewers adjusted probing questions to elicit student ideas about atomic-molecular and large-scale connections.
Data Analysis

Data analysis was a multi-step process, with the goal of making progress toward conceptual and empirical validation of the learning progression. We used the following process for our data analysis:

1. Development of exemplar workbooks.  Before analyzing the entirety of our data, we initially focused on developing an exemplar workbook using the written assessments. The exemplar workbook was a tool we used to distinguish between qualitatively different patterns of student responses on multiple items. A small sample of written responses (20 to 30) was chosen for the selected assessment items.  These responses were transcribed onto spreadsheets and sorted in terms of quality and other common characteristics, such as how students described materials, and whether or not they attempted to conserve matter. We grouped and then ordered them from least to most sophisticated in order to identify patterns. One or two student responses were chosen as representative exemplars of a group of similar-type responses. We used the patterns in responses to suggest initial Levels of Achievement, and so, in developing exemplar workbooks, we took steps toward empirical validation of learning performances (i.e., examining consistency of patterns across different questions) and conceptual validation of Levels of Achievement (i.e., rows) and learning about Processes (i.e., columns). 

2. Analysis of a larger sample of written responses. After the exemplar workbook was completed, we then transcribed additional responses, for a total of 60 responses to the 17 items from the written assessments. The 60 responses reflected approximately 20 students’ accounts from each age range (elementary, middle, and high) from a mix of pre- and post-tests. Two researchers scored the responses using the emerging Levels and exemplar workbook. 
3. Coding of interview data. Analyzing interview data was an important step toward empirical validation of learning performances. We wanted to see if students’ accounts were consistent across different modes of assessments. By including interview data, we were also able to make progress toward checking the coherency of the rows and columns in Table 2, as well as gaining power in empirical validation. Researchers interviewed students individually for approximately 30 minutes. Interviews were either videotaped or audio taped and then transcribed for analysis.  In this paper, we selected interview responses from 20 transcripts out of the 32 students’ interviewed. Similar to the analysis of written assessments, the researchers analyzed interviewees’ responses and ordered responses from least to most sophisticated. They were then coded according to the emerging Levels. Importantly, the inclusion of interview responses in this study served to illustrate levels alongside written responses, and were not analyzed in their entirety in this paper.
Refinement of Levels and reliability checks. Since multiple researchers scored responses to written item and interview question, the first round of reliability checking included individually scoring student accounts, and then discussing difference between initial scores. In the first round of scoring written assessments, reliability reached between 70-100% agreement for the item. Once the initial scorers reached complete agreement and revised the exemplar tables and Levels, a third researcher coded a sample of written responses (i.e., roughly 30%). Agreement during the second round of coding reached 90% or higher for each item. In a third round of reliability checking, two additional researchers scored a sample of responses and also reached 90% or higher agreement. During the second and third round, disagreements were discussed and minor revisions made to the exemplar workbook and Levels. Likewise multiple researchers scored the interviews using the emerging Levels, and reached 95% agreement. The researchers discussed disagreements, making minor changes to the Levels.

Results

We present our results in three sections.  First we present five general Levels of Achievement and provide examples of student responses on both written and interview assessments that correspond to each Level. In this first section, we focus on students’ accounts of macroscopic events, sampling their accounts of multiple processes. We selected 8 written items and corresponding interviews questions to illustrate the learning progression. In the second part of the results, we examine three more written assessments items that asked students to account for changes in large-scale systems. Lastly, we explore trends in Levels across age ranges, from upper elementary to high school.  

Our results are in part a listing of characteristics of student accounts—the contents of the individual cells in Table 2, and in the more detailed tables in Appendices B and C.  The learning progression hypothesis, though, says that these accounts are connected: There are consistencies in the ways that students at the same Level of Achievement account for different socio-ecological processes, and the learning required to go from one Level of Achievement to the next is reasonable and achievable.  

Our need to describe those important connections and consistencies has led us to make a decision about the language of our descriptions.  Our descriptions of each Level of Achievement include not just characteristics of student accounts but also our hypothetical connections—the ways that accounts of different processes are consistent with one another and with more general characteristics of student reasoning at that Level. 

Tracing Matter Levels

We organized the first section of our results around Levels of Achievement, and point out the core characteristics of each Level and how they are situated with respect to other Levels. We used six written assessment items, and corresponding interview questions, to illustrate students’ accounts of macroscopic events. Because we used student responses on multiple items and multiple modes of assessments, we hope to demonstrate empirical validity of learning performances. The following items are used in this first section:

· Generation of organic carbon: The growth of an acorn (ACORN) and the growth of a corn plant (CORN).

· Transformation of organic carbon: Digestion of an apple (EATAPPLE), digestion of a hamburger (BURGER), digestion of corn (COWCORN), food chain connecting grass, cows, humans, and bacteria (FOODCHAIN), and food chain connecting corn plants, cow eating corn, and child eating hamburger (CONNECT)

· Oxidation of organic carbon in living systems: Weight loss in humans (JARED), child running (RUNNING), the decomposition of an apple (APPLEROT), and the decomposition of a tree (TREEDECAY)

· Oxidation of organic carbon in human systems: Burning of a match (MATCH) and burning of gasoline when a car goes up a hill (GAS)

In our analyses we describe the development of three key characteristics of students’ accounts.  These include characteristics about the chemical basis of life, the identification of matter and material kinds, and the development of a hierarchy of scales. These characteristics are present in the accounts of students at all Levels, and by tracing changes in these characteristics we can see the ways that students change as they gain in understanding. 

Levels 1 and 2: Separate macroscopic narratives about plants, animals, and objects

Our youngest and least sophisticated students described the world in terms of objects and events rather than chemically connected processes.  They saw living things—plants and animals—as separate from inanimate objects and materials, and they interpreted events primarily in terms of patterns in visible appearances.  Thus they saw normal events in the lives of plants and animals such as growth, death, and decay as expressions of natural tendencies, not in need of any special explanation.  Although they were aware that plants and animals had complex internal structures (Carey, 1985) they made no use of those structures in their accounts of life processes.  Similarly, they saw events such as matches burning as expressions of the natural tendencies of combustible materials.  Table 4 provides examples written and interview responses of Level 1 and 2 accounts.

Level 1. The first level in our learning progression describes a view of matter and chemical change observed primarily among young learners, and one that has been documented in previous research (e.g., Wiser & Smith, in press). Because the youngest students in our sample were in upper elementary grades, we observed few instances of Level 1 reasoning. We would expect to see this type of reasoning used by a younger population of students. It represents an important precursor to tracing matter practices observed in Levels 2 and beyond, so we discuss it briefly here. 


Life. At Level 1, students have fairly coherent stories about macroscopic events involving living organisms based on how humans live and interact with other organisms. They made sense of changes in organisms by applying a psychological causal-explanatory framework to events: the events were explained by human intentions (e.g., a person losing weight because they want to) or in terms of human emotions or wants (e.g., plants need love to grow; trees provide things, such as paper, for people). Therefore, living things were treated as psychological agents having free will to affect how things will be in the world. Likewise, Level 1 students described relationships among organisms in terms of mythic narratives (e.g., Lion King), where plants and animals had personalities similar to humans, were associated with good and bad emotional qualities, and existed in relationships based on good will (Egan, 1998). 

Materials.   At Level 1, students gave accounts of inanimate materials that were explained and governed by different rules than accounts of living organisms (Inagaki & Hatano, 2002). Thus, living and non-living objects belong to separate domains. In their accounts, Level 1 students distinguished between materials and objects, and usually focused on human use of materials to make or obtain objects they need (e.g., wood can be used to make paper, pencil, and furniture). Similarly, changes in materials were attributed to intention or effort (e.g., a match burns and loses weight because a person strikes it). At this level, liquids and solids were recognized as materials, but gases were not. 

Scale. Students at Level 1 gave accounts limited to macroscopic scale about organisms.  Their explanations focused on things that happened externally to organisms based on human experience, or even their own personal experiences. Level 1 students did not understand hidden structures that exist at microscopic or large scales, which will be explained further in the Level 2 description.

Level 2. By upper elementary, we observed most students to achieve Level 2 reasoning or beyond. 

Life. An important accomplishment at Level 2 was that students provided coherent stories about living organisms that moved beyond human analogy observed at Level 1. They accounted for observable changes in organisms based on the idea of vitalistic causality (Inagaki & Hatano, 2002). They explained events, such as eating and growth, in terms of an organism’s needs, and identified materials, such as water and food, as necessary for growth. They did not, however, explain organism’s needs in terms of materials being transformed and incorporated into parts of the organism’s body, which was characteristic of higher levels of reasoning. Rather, their accounts of plant and animal growth resided in the belief of natural tendency at the organismal level, meaning they explained changes in external features of organisms as “the way things are” (e.g., people gain weight because they get taller; plants gain weight because they have more leaves and branches). Similar to Level 1, they had a vitalistic notion that plants and animals were made up of different “stuff” from non-living objects, so living and non-living things were treated as separate domains. They used this vitalistic notion to explain relationships between organisms (e.g., all living things are similar because they grow) as opposed to constructing food chains.

Materials. Level 2 students clearly distinguished objects from the materials in which they were made, and began to name material kinds. Some students saw materials as heteregenous mixtures based on differences in observable parts as opposed to a mixture of material kinds (e.g., wood is a mixture because trunks are different from branches). Others described materials as homogenous mixtures because they did not understand that materials may be broken down into smaller parts (e.g., wood is just wood). 

Differently from Level 1, they explained changes in inanimate objects in terms of the materials in which they were made (e.g., match burns because its made of wood) as opposed to human intention. Since Level 2 students had not yet developed a commitment to conservation, including conservation of solids and liquids, they allowed for small parts of matter to disappear. So, a limitation at Level 2, was that students had not developed a clear sense of what is and is not matter, and therefore, did not recognize small pieces of matter (e.g., gases) to be materials. 

Scale. Similar to Level 1, Level 2 students gave accounts of macroscopic, organismal level events. They had not yet developed accounts that included hidden parts and mechanisms, such as cells and atomic-molecular processes, so they focused on observable mechanisms that coincided with events (e.g., exercising explains weight loss, weather explains decomposition). Students at Level 2 were limited to explaining changes in the external and observable features of organisms and objects, without any means to identify internal mechanisms responsible for change.

	Table 4: Level 1/2 Exemplar Responses



	Item


	Written Response
	Interview Response
	Core Characteristics

	Acorn, Corn (What contributes to plant growth?)
	I think its leaves. Leaves comes from trees; the weight comes from when a plant grows the weight also grows bigger


	It might get too much heat and die. But I don’t know the corn plant’s living conditions so I don’t know what kind of heat it gets
	 Weight gain is based on macroscopic observation only and growth is treated as a natural tendency at the organismal level.

	Eatapple, Eatburger (What happens to things that are eaten?)


	After we eat an apple, it disintegrates. Our body smashes it up and it comes out as feces


	No example
	Observable actions, for example “smashes”, result in changes, as opposed to chemical digestion.

	Foodchain, Connect (How are living organisms connected?)


	They all connect by they all are living things and need food, shelter, and sunlight to survive.


	Oak tree in sunlight and tree decaying, I just matched them because they’re trees and one is growing and one’s decaying.
	Living things are grouped using a vital notion that all living things contain “stuff” that non-living things do not have. 

	Jared, Running (What happens to matter during weight loss and exercise?)


	It burns away and you can't feel it
	After the child eats the hamburger, it’s all energetic, so then he’ll want to run around…And it’s something that usually happens after you just ate something.
	Materials are allowed to disappear, especially during solid-gas transformations. 



	Applerot, Treedecay (What happens to things when they decompose?)


	It is no longer getting any nutrients to keep it alive. [The weight] goes down. The apple shrivels and loses all moisture.


	The woods are changing likes it’s decaying like breaking up into pieces. 
	Vitalistic cause and macroscopic observation (e.g. shrivels) explain changes in objects. 

	Match, Gasoline (What happens to objects when they are burned for energy purposes?)


	Because as the match burns the flame moves down the stick and burns the wood until it is gone.


	If a car has to climb, it uses more energy - like harder to get up.  My dad’s car has that too.  It uses gasoline because it has to go up and it’s harder to go up with a car
	Focus on macroscopic changes in object without noticing underlying material change.


Level 3: Causal sequences of events with hidden mechanisms

An important characteristic of Level 3 reasoning was the emergence of “hidden mechanisms” to explain macroscopic events. While Level 1 and 2 students were constrained to macroscopic descriptions of organisms or objects, Level 3 students were aware that macroscopic changes resulted from “invisible” or “barely visible” parts and mechanisms.  Level 3 students also were more aware of the hidden structure of materials, showing awareness that many materials were actually mixtures of other materials, and that food that we eat becomes part of our bodies and that organisms are connected in food chains. Table 5 provides examples of written and interview responses at Level 3.

There were important limits to Level 3 accounts, however.  They shared with Level 1 and 2 students a tendency to describe living organisms and non-living objects as operating by separate rules.  Although they were aware that life and combustion involved gases and often could name oxygen and carbon dioxide, they could not connect changes in the gases to life processes or to chemical changes in organisms, solids, and liquids.  Similarly, they saw organs as carrying out separate functions (e.g., lungs are for breathing, intestines are for digesting) without describing organs or cells as transforming or transporting materials inside plant and animal bodies (Inagaki & Hatano, 2002).  

Life. Unlike Level 2, Level 3 students recognized that organisms grow because of the food they eat, and they explained growth as the incorporation of visible materials (e.g., soil, water, food) into the body. Reasoning about living things at Level 3 was characterized by the notion that “hidden structures”, such as organs, are responsible for observable changes in organisms. Matter lost during weight loss was explained in terms of observable products (e.g., sweating while exercising). Likewise, matter lost during decomposition was traced through solid-solid transformations, such as dead plant and animal materials turning into soil. Some students explained decomposition as a physical change process, for example, decomposing apples lose weight because fluid evaporates. 

The emergence of food chains appeared at Level 3. Students explained relationships among animals in terms of the food that connects them and constructed food chains in terms of sequences of events (e.g., cows eat grass, humans eat cows). They recognized that microbes, such as bacteria or fungi, were involved in food chains, and even though they linked microbes to decomposition, they did not explain decomposers’ roles in ecosystems.

Materials. At Level 2 students named material kinds, especially solid and liquid materials, but by Level 3 they also recognized that matter can be broken down into smaller parts, and the smaller parts are consequential to the events they observe. Thus, they recognized that gases are matter, and had developed chemical names for the most familiar ones (e.g., O2, CO2). They described gas-gas cycles (CO2-O2 cycle) where people take in oxygen and exhale carbon dioxide, while the opposite is true for plants. They recognized that oxygen must be present for burning materials, but treat it as a condition, as opposed to a source of a substance. In general, Level 3 students did not necessarily distinguish materials (e.g., water, food) from conditions (e.g., exercise, sunlight). Level 3 students were committed to conservation of solids and liquids, and although they recognized gases as matter, they did not attempt to conserve them through chemical changes, especially solid-gas transformations. They accounted for “lost” matter by pointing to visible products (e.g., ashes and smoke as products of burning; soil as product of decomposition; sweat as product of weight loss).  

Scale. An important accomplishment for Level 3 students was the recognition that macroscopic changes happen from mechanisms at the “barely visible” or microscopic scale. For example, they linked decomposition to bacteria, even though they did not explain the role of bacteria in this process. They explained that plants take in water and air, but did not describe how these materials were used in the plant. They also explained that organs have functions in the body and act as mechanisms for changing materials (e.g., lungs change air), but they did not have an atomic-molecular understanding of organ function, and therefore no mechanism for chemical change of materials.

	Table 5: Level 3 Exemplar Responses



	Item


	Written Response
	Interview Response
	Core Characteristics

	Acorn, Corn (What contributes to plant growth?)
	I think the plant's increase comes from the minerals in the soil help it increase weight.


	Corn plant has to have sunlight and it has to have water and it has to have nutrients in the ground…well I know the nutrients go up the stem, and then sunlight goes in the leaves


	Plants grow from materials taken inside them, focusing on minor reactants, such as water, nutrients, and minerals.



	Eatapple, Eatburger (What happens to things when they are eaten?)


	The apple first pushes its way down your esophagus into your stomach then the stuff in their (acid) makes it into like water, then the apple goes through your small intestine where all the nutrients are extracted.


	[The child] needs the energy from the cow meat in order to run.
	Explain changes in materials (i.e., food) at the organ level, but no mechanism for chemical change inside the body.  Convert matter to energy.

	Foodchain, Connect (How are living organisms connected?)


	Grass is eaten by cows and humans eat cows and humans die and decomposing bacteria eat the remains
	The corn plants growing in the sunlight…the cows eat them.  And when the cows get big enough, they go to a slaughterhouse and that’s how the child [gets] hamburger.
	Relationships among living organisms are described in terms of a food chain, without attention to underlying matter movement. 


	Jared, Running (What happens to matter during weight loss and exercise?)


	It turned into energy & it got burnt and came out through sweat. 
	Water is being sweated out and then the food it’s just inside your body is just weight. 
	Materials, such as food or stored fat, are used for energy transformed into observable products (e.g., sweat).



	Applerot, Treedecay (What happens to things when they decompose?)


	What cause the apple to rot are the bacteria in the air getting to the apple. 


	Bugs eat it and live in it, so it would slowly decay after time…It forms into dirt.
	Identify hidden mechanism of decomposition and decomposers, and trace observable products, such as soil.



	Match, Gasoline (What happens to objects when they are burned for energy purposes?)


	The wood burns into ash and it loses weight because it's losing mass.


	Because the gas is being burned off slowly. The gasoline is being used for the car for energy and the exhaust, the rest, the by products are going into the air.


	Focus on products of burning, such as “ash” or “exhaust”


Level 4: “School science” narratives about processes

Level 4 is a view of matter and chemical change observed mostly among high school students.  In contrast with Level 3 students who showed little awareness of chemical processes, Level 4 students often tried to explain both life processes and combustion in chemical terms. Level 4 students continued to operate using narratives about events, however, their narratives had acquired details of cellular and atomic-molecular processes, and consequently the hidden mechanisms observed at Level 3 were replaced by mechanisms of chemical change. They knew the names of some important substances, such as oxygen, carbon dioxide, and glucose.  They understood that life processes involved gases interacting with solids and liquids, and they sometimes knew the chemical equations for processes such as photosynthesis and cellular respiration. 

However, Level 4 students also lacked key understandings they needed to successfully trace matter through processes.  Even when they could provide chemical equations, they could not use them as the basis for accounts of chemical change as the rearrangement of atoms into new molecules.  They rarely knew the chemical identities of all the substances involved in a process, so they could not account systematically for all the matter involved in a process.  They often resorted to matter-energy conversions to “balance the books”—to account for materials that seemed to mysteriously appear or disappear. Table 6 provides examples of written and interview responses at Level 4. 



Life. Level 4 students recognized that cells are the basic unit of structure and function in living organisms. They explained that cells do chemical work and named atomic-molecular processes (e.g., photosynthesis, cellular respiration) as this work. In plants they accounted for generation of mass through glucose production during photosynthesis, and some students recognized that ultimately most plant mass comes from carbon dioxide in the air, yet they still claimed water and minerals were significant contributors as well. In animals they recognized that materials (i.e., food) become part of the body, and therefore are transformed into body mass, but because students at Level 4 were less familiar with carbohydrates, lipids, and proteins, they struggled to explain how cells make this happen. They did attempt to explain digestion of materials chemically. Students at Level 4 were able to identify gas products of both weight loss and decay, and attempted to conserve matter, however their accounts contained errors, such as pointing to minor products and reactants, not explaining the role of oxygen as a reactant, or incorrectly converting matter to energy.



Level 4 students had organized their food chains in terms of trophic levels (i.e., producers, consumers, and decomposers) but had not yet connected these trophic levels to the flow of matter and energy in a consistent way. Some students explained that animals obtain energy in a food chain, but they did not, for instance, explain trophic dynamics using the energy pyramid unless prompted to do so. 



Materials. Level 4 students named some materials by chemical identity, such as CO2, O2, and glucose, when cued to think specifically about a process, but the students did not identify substances that made up common foods, plants, matter in animals (i.e. proteins, lipids, and carbohydrates), or fuels. Similar to Level 3, they recognized that gases were matter, but at Level 4 students were more successful at conserving these during chemical change. As such, Level 4 students showed commitment to conserving matter, sometimes by chemical name, through atomic-molecular processes. They had not, however, made sense of how to trace both matter and energy through processes without confusing the two.



Scale. At Level 4, cells and molecules were the basic unit for explaining macroscopic changes in organisms and objects. In living things materials were traced through organs to cells, but explanations of cellular work were inconsistent, and even though several materials were described at the molecular level, students were limited in the number of materials they could identify chemically at this scale. 
	Table 6: Level 4 Exemplar Responses



	Item


	Written Response
	Interview Response
	Core Characteristics

	Acorn, Corn (What contributes to plant growth?)
	The weight comes mostly from H2O it receives which it uses in its light reactions to eventually produce glucose to provide itself with energy.

	Plants need carbon dioxide to grow…It goes into the plants metabolism and then back out and becomes oxygen with enzymes in the plant. 

	Explain changes in organisms as a cellular or metabolic process, but focuses on minor materials (H2O) or gives incomplete explanation. 

	Eatapple, Cowcorn, (What happens to things that are eaten?)


	In your stomach, you break the apple down into chyme. From there the apple goes to your small intestine to absorb much of the nutrients. 

	Cows eating corn are taking in the glucose bonds [from corn plants].
	Digestion is linked to cellular level focusing on materials, but not explained as a cellular process or cellular work.

	Foodchain, Connect (How are living organisms connected?)


	Cows eat grass. Human eat beef. When we die, decomposing bacteria break us down and recycle our nutrients and proteins into the ground. 


	The corn takes in carbon dioxide and let off oxygen, and then…during photosynthesis, and then cows eating corn are taking in the glucose bonds.

	Materials, such as nutrients and glucose, are traced through food chains.

	Jared, Running (What happens to matter during weight loss and exercise?)


	Jared's mass was converted into CO2 and exhaled by him to lose weight.


	Whatever he eating or drinking is being used as an energy source and getting the energy to his body.  
	Explain changes in organisms as a cellular or metabolic process and trace gas products, but also confuse matter and energy.

	Applerot, Treedecay (What happens to things when they decompose?)


	The apple rots because bacteria and other microscopic organisms begin to eat and pick away at the cells. 


	The [materials] that are changing would be the trees matter is actually decomposing, so there’s carbon dioxide being let off into the air.

	Explain changes in objects, by identifying decomposition as mechanisms for change, and tracing some gas products.

	Match, Gasoline (What happens to objects when they are burned for energy purposes?)


	The match gets lighter because the match is getting smaller and the CO2 is leaving.


	There’s carbon dioxide, um carbon monoxide, being released from the exhaust pipe of the car, and it’s using gasoline, which is fueling the car.


	Explain changes in objects by identifying key products of CO2.


Level 5: Qualitative model-based accounts of processes in systems

Level 5 students traced matter systematically through all of the processes, as described in our account of the Upper Anchor of the learning progression, above.  In our sample very few high school students provided qualitative model-based accounts characteristic of Level 5 understanding. For this reason, we developed a table of exemplar responses that included responses from science teachers and some that we developed ourselves, in addition to the ones we received from students. Table 7 summarizes the exemplar responses.

Life. Similar to Level 4, Level 5 students identified the cell as the basic unit of structure and function in organisms. An accomplishment at this Level, however, was that students accounted for changes in organisms as cellular work, with cellular functions following chemical rules.  Level 5 students consistently identified key materials going into and out of living systems, and easily made sense of matter transformations between organic and inorganic materials. They identified CO2 as the primary contributor to plant mass, and knew that plant cells engage in several cellular processes to construct more complex molecules from the simple sugar made during photosynthesis (although they did not explain biosynthesis in plants). Level 5 students identified cellular respiration as the means for weight loss and decay, and identified key reactants and products, and did not convert matter to energy in their accounts. Food chains are described in terms of movement of matter between organisms, at an atomic-molecular level.

Materials. Unlike Level 4, Level 5 students recognized the materials that made up plants and animals included lipids, carbohydrates, and protein, and materials that made up fuels were chemically similar. Although they were not completely familiar with the atomic structure of these materials, they were aware of that the materials were constructed primarily of C, O, and H atoms, and contained high-energy bonds. They also knew that these materials could be oxidized to obtain energy, yielding water and carbon dioxide as products. Importantly, they consistently identified key gas reactants and products and distinguished matter from energy during atomic-molecular processes.

Scale. Like Level 4 students, Level 5 students explained macroscopic changes in organisms and objects at cellular and atomic-molecular levels. Materials were identified at a molecular level and traced through cellular transformations. 

	Table 7: Level 5 Exemplar Responses



	Item


	Paper-Pencil Response
	Interview Response
	Core Characteristics

	Acorn, Corn (What contributes to plant growth?)
	The plants increase in weight comes from CO2 in the air. The carbon in that molecule is used to create glucose, and several polysaccharides which are used for support.


	[The corn plant] using CO2 and water and using the sunlight to make the glucose molecules and O2, which is not making, transforming. Using the glucose molecules from there to grow

	Explain changes in organisms as a cellular or metabolic process, and trace key materials, such as CO2 and other organic materials.

	Foodchain, Connect (How are living organisms connected?)


	Authors: Cows eat grass. Human eat beef. When we die, bacteria breaks down our body and turns the proteins, lipids and carbohydrates into carbon dioxide, water and minerals. These can be used by grass in photosynthesis to make their cells. 

	CO2, along with the sunlight go to the plants. The plants use the energy from the sunlight and the carbon of the CO2 to create glucose. They let out oxygen. The cow uses the oxygen and the carbon in the plant, consuming carbon, but not carbon dioxide. 


	Organisms are connected in terms of the matter that moves between them (and similarly their needs for energy sources).



	Jared, Running (What happens to matter during weight loss and exercise?)


	His fat was lost when the bonds of the glucose were broken down into H2O + CO2 by cellular respiration. 


	The child is taking in starches or sugars … through cellular respiration, it’s getting rid of water, it breathes it out…they expel carbon dioxide as a waste product

	Explain changes in organisms as a cellular or metabolic process and trace key gas products, such as CO2.

	Applerot, Treedecay (What happens to things when they decompose?)


	Teacher: Decomposers- bacteria and fungi- their metabolic processes take the cellulose and break their bonds, releasing other carbon-containing molecules, such as CO2, alcohols, acids…Also some of the carbon in used in their cells as well.

	It is cellular respiration. The carbon in glucose and the oxygen from air transform into CO2 and H2O. 
	Explain changes in objects by identifying decomposition as a mechanism for change, and tracing key gas products.

	Match, Gasoline (What happens to objects when they are burned for energy purposes?)


	Authors: Some of the wood in the match changed into CO2 and H2O as a result of burning, oxygen is needed for the burning process. 

	The bonds of gasoline are releasing energy. The gasoline itself, like molecules and atoms, are probably converted, not converted, but reformed, rejoined into other substances.

	Explain changes in objects by identifying atomic-molecular processes and tracing key materials


Note: All example responses are from high school students unless otherwise noted

Cross Process and Large-Scale Contexts

In the second part of our results, we selected three additional items from the written assessments to explore how students made sense of carbon cycling using multiple atomic-molecular processes (i.e., the item about Grandma Johnson) and how they applied chemical models to large-scale systems (i.e., how cutting down trees influences global climate change, how burning gasoline influence global climate change).

Multiple processes in carbon cycling. We only used the Grandma Johnson item7 on high school assessments. The item required students to trace the path of a carbon atom from the decaying body of Grandma Johnson to the leg muscle of a coyote. We knew there were multiple pathways the carbon atom could follow, and thus, were interested mostly in how students constructed their carbon pathways using chemical models. A sophisticated answer to the question included tracing the carbon atom through decomposition to produce carbon dioxide, then through photosynthesis in a plant and a food chain involving an herbivore and the coyote, and ultimately through the digestion and biosynthesis processes in the coyote’s body. Table 8 provides examples responses we received on this item across Levels.

A majority of the students (36 of 60) suggested a reasonable pathway at the macroscopic level—from a decomposing Grandma Johnson to a plant, to an herbivore, and then to the coyote.  However, they were far less successful in identifying the molecules through which the carbon atom might pass.  In fact, only 1 of 60 students identified carbon dioxide as a product of decomposition, when asked in the context of this question. Rather, students overwhelmingly focused on transformation of the matter of Grandma Johnson into soil or soil “nutrients”, which were later taken in by plants. Only 3 of 60 students recognized the carbon atom would enter the plant through photosynthesis. Instead most students explained that the carbon atom entered the plant roots in the form of soil or “soil nutrients”, without explaining how this could happen at a molecular or cellular level. No student mentioned digestion or biosynthesis involving the carbon atom in the coyote. 

The Grandma Johnson assessment item is especially difficult because it requires students to explain multiple matter transformations through multiple processes at an atomic-molecular level and we observed that the quality of accounts break down for complex systems such as that described in the item. Most students were unable to consistently trace the carbon atom across processes. 
Large-scale systems and change. In addition to asking students to explain macroscopic events, we also probed their understanding of large-scale systems and change. We asked how cutting down trees or using gasoline in cars would influence global warming. Example responses to these two items are provided in Table 8.

On these two assessment items, we found that most students gave Level 3 accounts (24 of 60), and were unable to identify atomic-molecular processes related to global warming, or chemical identities of key materials involved. In general these students identified that cars produced some kind of material that is bad for the environment, and that plants take in materials to help our environment. Unlike Level 4 accounts, Level 3 students did not identify or name carbon dioxide as a key product of combustion and reactant in photosynthesis, or as a key substance responsible for global warming.

Level 5 accounts would have recognized that processes such as photosynthesis and combustion are important because the balance among those processes affects the location of carbon atoms in the environment—either sequestered in biomass and fossil fuels or in the atmosphere as carbon dioxide. We did, however, observe that 10 of 60 students connected photosynthesis and combustion to CO2 levels (and more generally to global climate change). Although the accounts were not considered Level 5, they provided evidence that some high school students were familiar with the link between global warming and carbon dioxide levels. 

 [Insert Table 8]
	Table 8: Exemplar Responses for Multiple Process and Large-Scale Items



	Level
	Grandma Johnson
	Trees and Global Warming
	Gasoline and Global Warming

	5
	Grandma Johnson's remains decay and decomposers use respiration and turn it to carbon dioxide. The plants absorb the carbon dioxide. Rodents eat the plants and then the coyote eats the rodent.
	Authors: Trees convert CO2 and water into organic materials such as glucose and other carbohydrates. Cutting down trees would cause higher atmospheric carbon dioxide levels because fewer plants do photo-synthesis and because carbon stored in the trees and soil is released into the atmosphere as CO2. . The greenhouse gases, such as carbon dioxide, trap heat from the sun, which causes global warming.


	Authors: The organic material in gasoline, such as octane, reacted with oxygen to obtain energy from the octane bonds, which produced CO2 and water. The CO2 released into the atmosphere helps trap heat from the sun causing global warming. 

	4
	The carbon is released from Grandma Johnson's body and travels up through the soil and is used during photosynthesis by the plant to make oxygen. A primary consumer would eat the plant somewhere along the food chain, the coyote receives the carbon atom.
	When we cut down trees it leaves a lot of CO2 in the atmosphere because there are less trees to take CO2 and make O2 with more CO2 in the atmosphere it keeps more heat on earth which is what already is causing global warming.
	It is being used by the engine then it goes out the tailpipe as a fume. Yes it can because when we use gas and start up our cars it gives off CO2 and that causes global warming

	3
	The carbon in grandma body is decomposed into the ground. The plants then use the fertile soil to use her carbon atoms. As the soil passes it to the plant, the plant is eventually eaten by the coyote. The carbon atom then travels to its leg.


	The decrease in trees leads to a decrease in the oxygen production from plants. It changes the oxygen levels in the atmosphere, which means there are fewer gases to shield the sun's harmful rays letting more heat in causing the temperatures in our climates to rise. 

	It is burnt up and extracted out the exhaust into the air. The matter turns into a gas. Yes, because when the car extracts the gas as a gas into the air the gas is polluting the air and tarring the ozone layer causing more heat to come through the atmosphere.



	2
	A carbon atom from Grandma Johnson's remains sink into the ground and mixes with the soil. Then when the soil is mixed and churned, it rises to the top of the ground. When the coyote kills something upon that dirt, he may consume it and have some of them.
	Animals need trees, they are food and shelter to most animals.


	The gasoline gets all burned up from the engine using it. Yes, because it puts some kind of exhaust in the air that could be harmful.




Trends Across Age Levels

Lastly, we considered trends in Levels of Achievement across age levels using the 9 written assessments items previously discussed (see Figure 2). 

Note: Level 0 indicates a blank or no response

As Figure 2 shows, most students in our sample provided Levels 2, 3, and 4 accounts. Had we sampled younger students’ accounts, we might have observed more responses at Level 1 and 2. Elementary students in grade-4 were concentrated around Level 2 and 3 accounts, while middle school students in grades 6-8 gave predominantly Level 3 accounts. Although high school students still gave many Level 3 accounts, over 35% provided Level 4 accounts, and 10% explained with Level 5 reasoning, meaning that almost half of the high school students were attempting to use chemical models (in some form or another) to explain macroscopic and large-scale events.

Discussion

We began this article by declaring our intent to tell two stories: a research story about the development and validation of a learning progression and a learning story about how children can develop an understanding of processes that transform carbon in socio-ecological systems.  We conclude by summarizing the two stories and considering their implications for science education.  

The Research Story: Development and Validation of a Learning Progression

We described the development of the learning progression as an iterative process.  We developed an initial framework for describing students’ reasoning from fourth grade through high school.  The Upper Anchor of this framework was essentially the level of understanding that is found in our current national standards (AAAS Project 2061, 1993; NRC, 1996).  The Lower Anchor was based on our experience and reading of research about the reasoning of elementary school students.  We used the framework to develop assessments; we used the results of the assessments to revise the framework; we used the revised framework to develop new assessments, and so forth.  During the last year, we also developed teaching materials that enabled us to collect pre-and post-assessment data for a limited number of students and conducted clinical interviews with middle and high school students.  This article reports our third iteration of assessments and fourth iteration of the framework.

The goal of this iterative process is to develop a framework and associated assessments that meet three standards of validity, outlined in Table 3 above: the learning progression should show conceptual coherence, compatibility with current research, and empirical validation.  Furthermore, these criteria should be met for every cell or Learning Performance, every row or Level of Achievement, and every column or learning sequence.  We believe that we have made a case that most of these criteria have been met.

· Learning Performances: We feel that we have met all three criteria for learning performances.  We have developed a conceptually coherent way of describing Learning Performances, as accounts of processes in socio-ecological systems.  We have described them in ways that are compatible with other research on children’s learning and reasoning about these processes.  We have also achieved both criteria for empirical validation: The learning performances we report are actual student performances, and they are consistent across different questions about the same process and different modes of assessment—written assessments and clinical interviews.  

· Levels of Achievement: We have met two of the three criteria for Levels of Achievement.  The five Levels that we report in this article are conceptually coherent and compatible with current research (Level 1 less so than Levels 2-5).  We have not yet met the final criterion by demonstrating empirically that students’ accounts for one process (such as photosynthesis) are predictive of students’ accounts of other processes (such as combustion and cellular respiration).  We are currently collecting data for a calibration study that will enable us to assess our Levels of Achievement against this empirical criterion.

· Learning Sequences for Processes: We have also met two of three criteria for Learning Sequences for Processes.  Our accounts of learning about each process are conceptually coherent and compatible with current research.  That is, they outline a series of steps that are compatible with our current understanding of both domain-specific and domain-general constraints on children’s learning.  The final criterion, empirical validation, will require teaching experiments that address each process at each level.  We hope to complete a systematic series of teaching experiments before this research program is completed, but this part of the validation process will be the last that we complete.

In summary, we have made substantial progress in the development and validation of this learning progression.  After three cycles of development of frameworks and assessment through written assessments, clinical interviews, and teaching experiments, we feel that we have developed a framework and associated assessments that meet the criteria of conceptual coherence and compatibility with current research, and that meet some important criteria for empirical validation.  Meeting the final criteria for empirical validation will require additional iterations of the development cycle, one of which is currently underway.  

The Learning Story: Children’s Understanding of Processes that Transform Carbon

Our research indicates that explaining these macroscopic events with chemical models and connecting them to processes in large-scale systems is a major intellectual accomplishment. Younger learners (Level 2) perceive a world where events occur at a macroscopic scale and plants and animals work by different rules from inanimate objects (Inagaki & Hatano, 2002).  Gases are ephemeral, more like conditions or forms of energy such as heat and light than like “real matter”—solids and liquids (Wiser & Smith, in press). Level 5 learners perceive a world of hierarchically organized systems that connect organisms and inanimate matter at both macroscopic and large scales using chemical models.  Solids, liquids, and gases are all mixtures of substances made of atoms, with chemical identities, and clearly distinguished from conditions and forms of energy. Level 5 learners recognize conservation of matter, including conservation of atoms in chemical change, as a key constraint on all processes and make sense of carbon-transforming processes as the rearrangement of atoms into new molecules.  Level 5 reasoning is important because Level 5 students have mastered the knowledge and practices needed to trace matter—especially carbon and oxygen—through the multiple processes involved in socio-ecological systems.  

The intermediate Levels—Levels 3 and 4—describe how learners can manage this transformation in their reasoning. Level 2 students learned to distinguish objects from the materials of which they are made, but they can describe little of the internal structure of either materials or organisms (Carey, 1985). Level 3 reasoning about matter and life is itself a substantial intellectual accomplishment.  Students at this level begin to delve into the hidden mechanisms (including functions of organs) underlying visible life processes, and to recognize that the materials in food are incorporated into animals’ bodies.  Students at Level 4 move further down the hierarchy of systems, recognizing that organs function through cellular processes that are chemical in nature, though their limited understanding of atomic-molecular models and organic substances usually prevents them from successfully tracing matter through cellular processes or combustion.  Thus we see that the intermediate levels set the stage for successful Level 5 reasoning, and that in the process students transform their conceptions of life and of matter at a hierarchy of scales.  

One other significant point is that very few students today are reaching the Upper Anchor. Furthermore, our research indicates that, even though Level 5 understanding is included in most state and national standards, relatively few students are achieving this level of understanding.  Most of our Level 5 responses came from students taking science courses in a Science and Mathematics Center designed for students with exceptional prior achievement in mathematics and sciences.  Among public school students we saw few responses above Level 4.  Even at the college level and among practicing science teachers, Level 4 responses to questions about cellular respiration were more common than Level 5 responses (Merritt, Wilson, & Mohan, 2008; Wilson, et al., 2006).  Thus, we are asking the American public to consider profound changes in their lifestyles on the basis of arguments from scientific evidence that they cannot understand. 

Limitations

In both of these stories we have made progress toward outlining a more conceptually coherent and validated learning progression that describes how students’ construct and use accounts of carbon cycling. It is necessary, however, to point out limitations in this work and steps we are currently taking to deal with these issues. First, in the last three years we have been working with a sample of convenience, with most teachers located relatively near to our location and involved in professional development with the local ecological research center. While sampling classrooms near to us allowed us to build relationships with teachers and visit classrooms for observations and interviews, we recognize the limitations of using a sample such as this. Although we continue to collect data from these classrooms during the fourth round of assessments, we are also sampling from other regions across the United States. A second limitation is the nature of the items we asked. During the first three years of our study, we mainly developed open-ended assessment items, and avoided multiple-choice items, or items that asked for very specific responses. This allowed us to capture diversity in students’ accounts, but it also introduced challenges for developing items that would probe both accounts from 4th graders, as well as accounts from high school students. During the fourth round of assessments we worked to develop items that are open-ended and use non-technical language, so that elementary students can understand the questions, yet we also developed additional probes so that Level 4 and 5 reasoners can respond to similar items. 

Implications

We believe that this work, and other work on learning progressions, has implications for research, for development of standards and curricula, and for science curriculum and instruction.  

Implications for research: Testing the learning progression hypothesis.  We believe that this work and other work on learning progressions provides an important test of the learning progression hypothesis—the idea that it is possible to develop large-scale frameworks that meet research-based standards for theoretical and empirical validation.  We have further suggested specific criteria for theoretical and empirical validation (Table 3), and we have evaluated our progress toward meeting those criteria for this learning progression.  As we and other research groups continue to develop and validate learning progressions, we are exploring the nature and limits of the learning progression hypothesis.  We know that learning progressions will never be universally applicable, but we are optimistic that we can develop empirically validated models of learning and assessment that will provide important frameworks for research and development.

Implications for development of standards and assessments: The importance of an iterative process.  We also believe that this work suggests a worthwhile alternative to current procedures for developing standards and large-scale assessments.  Standards and assessments are currently developed through a linear process: Standards are developed and finalized, then those standards are used as the basis for assessments and curricula.  If assessment development suggests ways that the standards can be improved, it’s too late; the standards will not be revised for at least several years.  In contrast, learning progressions are developed through an iterative process of design-based research, where the results of the assessments are used to revise frameworks, and vice versa.  

Our best opportunities for truly productive dialogue between researchers and developers can be found this iterative process of development and empirical validation.  A conceptually coherent framework is an important step as the first draft of a learning progression.  If researchers and developers can use that framework to develop assessments and teaching experiments, then use the results of those assessments and teaching experiments to revise the framework, then we will be on our way to empirically validated models that can guide practice in new and more powerful ways.

Implications for curriculum and teaching: Reaching Level 5.  In our work, we have realized that the K-12 science curriculum does a reasonable job of getting students from Levels 1, 2, and 3 to Level 4 accounts of the structure of systems and tracing matter through processes in those systems.  By Level 4 students can give relatively coherent accounts of processes in single systems and name several materials involved in those processes. For passing current standardized science assessments, this level of understanding is often sufficient. 

It is our belief, however, that students need to develop more sophisticated accounts of carbon cycling if they are to understand the global issues that our society faces.  For example, the 2007 Nobel Peace Prize was awarded to Al Gore and the Intergovernmental Panel on Climate Change (IPCC) for developing reports and presentations intended to promote public understanding of scientific research on global climate change (IPCC, 2007; Gore, 2006).  Responding to this research will require collective human action on an unprecedented scale.  This leads to a core question that is the basis for our research: How well prepared are our citizens to understand and respond to research on global climate change? 

We believe that many of the arguments and counter-arguments around global climate change require at least Level 5 reasoning to interpret. A notable limitation for Level 4 students is that they cannot consistently explain the role of carbon during key processes, nor can they fluidly move between the hierarchy of systems to explain large-scale change using atomic-molecular accounts, both of which are essential for making sense of the environmental problems that alter global carbon cycling.  Level 5 understanding is essential for students to evaluate evidence-based arguments and participate knowledgeably in responsible citizenship.  They will not achieve this understanding without sustained, well-organized support from schools and science teachers.  A conceptually coherent and empirically validated learning progression can be a critical tool for developing curricula and teaching materials.  

.
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Appendices

Appendix A: Items used in analysis

Written Assessment Items

1. Growth of an Acorn 

A small acorn grows into a large oak tree. 

(a) Which of the following is FOOD for plants (circle ALL correct answers)? 
       Soil          

Air            
Sunlight             
Fertilizer  
      Water          

Minerals in soil              

Sugar that plants make                                                                                                                                                                                                                                                                                                                                                                                  (b) Where do you think the plant’s increase in weight comes from?

2. Eating an Apple 

Explain what happens to an apple after we eat it. Explain as much as you can about what happens to the apple in your body.

3. Connection between four living things 

Explain how are the following living things connected with each other:                                                                                                                                        

(a) Grass.
(b) Cows.
(c) Human beings. 
(d) Decomposing bacteria

4. The Decomposition of an Apple 

When an apple is left outside for a long time, it rots. 
(a)  What causes the apple to rot?
(b)  Explain what happens to the weight of an apple as it rots.

5. Jared Lost Weight 

Jared, the Subway® man, lost a lot of weight eating a low calorie diet. Where did the mass of his fat go (how was it lost)?

6. Burning Match 
What happens to the wood of a match as the match burns?  Why does the match lose weight as it burns?

7. Grandma Johnson (developed by Janet Batzli)

Grandma Johnson had very sentimental feelings toward Johnson Canyon, Utah, where she and her late husband had honeymooned long ago. Because of these feelings, when she died she requested to be buried under a creosote bush in the canyon. Describe below the path of a carbon atom from Grandma Johnson’s remains, to inside the leg muscle of a coyote. NOTE: The coyote does not dig up and consume any part of Grandma Johnson’s remains. 

8. Trees and Climate Change 

Some people are worried that cutting down forests will increase the rate of global climate change.  Can you explain their reasoning?  How could cutting down trees affect our climate?

9. The Burning of Gasoline and Global Warming 

When you are riding in a car, the car burns gasoline to make it run. Eventually the gasoline tank becomes empty.                                                                                                                           

(a) What do you think happens to the gas? What happens to the matter the gasoline is made of?                                                                                                                                                       (c) Can using gasoline in car affect global warming? How?

Interview Assessment Items

Carbon cycle (corn plants growing; cow eating corn; child eating hamburger; child running)

· Can you tell a story that connects these events?  

· Can you include gases in the air in your story? 

Corn plants growing in the sunlight (

· Can you identify any of the substances or materials that are changing during this event?  What are they?

· Do any of the substances you named contain carbon?  What are they? 

· Will this process change the weight of the corn plants?

· What happens to the materials you identified during this event?  How do they change?

· Does this event change the air?  How? What is in the air that does not change?

· Does this event produce any new materials?  What are they?  Where do they come from?  How are they formed?

· How are the atoms and molecules changing in the materials that you identified? 

A child running

· Can you identify any of the substances or materials that are changing during this event?  What are they?

· Do any of the substances you named contain carbon?  What are they? 

· Will this process change the weight of the child?

· What happens to the materials you identified during this event?  How do they change?

· Does this event change the air?  How? What is in the air that does not change?

· Does this event produce any new materials?  What are they?  Where do they come from?  How are they formed?

· How are the atoms and molecules changing in the materials that you identified? 

A car climbing a hill

· Can you identify any of the substances or materials that are changing during this event?  What are they?

· Do any of the substances you named contain carbon?  What are they? 

· Will this process change the weight of the car?

· What happens to the materials you identified during this event?  How do they change?

· Does this event change the air?  How? What is in the air that does not change?

· Does this event produce any new materials?  What are they?  Where do they come from?  How are they formed?

· How are the atoms and molecules changing in the materials that you identified?

A tree decaying

· Can you identify any of the substances or materials that are changing during this event?  What are they?

· Do any of the substances you named contain carbon?  What are they? 

· Will this process change the weight of the tree?

· What happens to the materials you identified during this event?  How do they change?

· Does this event change the air?  How? What is in the air that does not change?

· Does this event produce any new materials?  What are they?  Where do they come from?  How are they formed?

· How are the atoms and molecules changing in the materials that you identified? 

Appendix B: Detailed Levels for Chemical Models Applied to Macroscopic Systems

	
	
	Chemical Models Applied to Macroscopic Scale Events

	
	Levels
	Generation 
	Transformation 
	Oxidation in LS 
	Oxidation in HS 

	5
	Qualitative model-based accounts across scales 

 
	Use atomic molecular understanding of processes to explain macroscopic phenomena (e.g., growth, weight loss, decay, burning) and conserve matter and mass (including gases) correctly at the atomic-molecular level in terms of rearrangement of atoms. Key characteristics include: 
· Name chemical identities of products and reactants, including gases and organic materials. (i.e. lipids, carbohydrates, glucose), and consistently conserve these during solid-gas and liquid gas transformations.
· Recognize molecules are the basic unit to keep substance’s identity (e.g., glucose, CO2) and distinguish mixture from compound and from elements.
· Recognize proteins, lipids, and carbohydrates as key molecules in living systems, and hydrocarbons as key molecules in energy systems, and know that these organic molecules are made primarily of C, H, O atoms (hydrocarbons are C and H) that have high chemical potential energy associated with C-C and C-H bonds. 

	
	
	Explain photosynthesis at an atomic –molecular level, tracing key reactants and products, especially CO2. Correctly identify that plant matter is a heterogeneous mixture and explain plant growth as the accumulation of simple sugars (e.g., glucose) made through photosynthesis into complex sugars/ starches (e.g., cellulose, lignin, etc).
Common Errors:

· May confuse sub-processes such light-dependent (light) and light-independent (dark) reactions 

· May confuse photosynthesis with biosynthesis processes in plants.


	Explain digestion and biosynthesis at the atomic-molecular and cellular levels, focusing on key reactants and products. Recognize that growth of organisms occur when organisms synthesize simple carbohydrates and amino acids into more complex molecules (lipids, proteins, etc). 
Common Errors:

· May know some details of biosynthesis, but primarily only name products.

	Explain cellular respiration and decomposition at atomic-molecular level, tracing key reactants and products, especially CO2. Correctly identify biomolecules as energy-rich molecules for all living organisms, including plants and decomposers. Can differentiate cellular respiration (aerobic) and fermentation (anaerobic) in terms of the role of O2 as a reactant. 

Common Errors:

· May not identify O2 as a key reactant in respiration.
	Explain combustion at atomic-molecular level, and identify CO2 (and water vapor) as products. Correctly identify gasoline as a homogenous mixture and wood as a heterogeneous mixture and names substances or kinds of molecules in these mixtures that contain carbon. 

Common Errors:
· May not be able to give the chemical identity of fuel sources, although they know fuel sources contain carbon.
· May not identify O2 as a key reactant in combustion.

	4
	School science narratives of processes 

 
	Reproduce formulas for processes (other than biosynthesis)- that may be balanced or not- but cannot explain the process in detail. Recognize the need to conserve matter and mass in chemical changes and attempt to conserve at the cellular or atomic-molecular level, but unable to do this consistently because of limited knowledge of the chemical identities of organic materials, as well as insufficient understanding of forms of energy, particularly chemical potential energy. Key characteristics include:
· Name some materials by their chemical identity, such as CO2, O2, and glucose, when asked specifically about a process, but cannot identify the substances that make up common foods, plants, matter in animals (i.e. proteins, lipids, and carbohydrates) or fuels. 
· Recognize that gases are matter and attempt to conserve these during chemical changes, but may fail to identify key gas products or reactants.
· Recognize that matter and energy are passed through processes, but cannot consistently distinguish matter from energy.
· Recognize that the cell is the basic unit of both structure and function of all organisms and that cells (and their organelles) are made of water and organic materials. Recognize that animal cells are different from plant cells.

	
	
	Identify that plants make their own food (glucose) at atomic molecular level, but may focus on particular reactants or products (even minor reactants and products) more than others. May be unclear about gas products or reactants. Correctly identify wood as a heterogeneous mixture, but does not name substances that contain carbon other than CO2 or focuses on minor constituents (e.g., minerals). 
Common Errors:

· May use matter-energy conversion or focus on gas-gas cycles, but these errors occur at cellular level. 
· Explain changes in plants (e.g., loss of mass) using photo-synthesis, and not respiration.


	Describe digestion to the cellular level, but not beyond (e.g., nutrients from food goes to the cells). Cannot explain biosynthesis in terms of cellular processes that combine simpler molecules into more complex molecules (e.g., mass of humans comes from lipids in food we eat). Provide fragmented stories about cell growth and division.

Common Errors:

· Cannot explain how living organisms digest food or synthesize molecules at an atomic-molecular level.
	Describe weight loss or decomposition at the cellular or atomic-molecular levels, using matter energy conversions and possibly identifying gas products (that may be minor products). Cannot identify key biomolecules or name substances that contain carbon (other than CO2) that are involved in these processes.

Common Errors:

· Do not recognize respiration in plants.

· When solids or liquids, such as fat or rotting material “seemingly disappear”, this is explained by matter-energy conversions.


	Describe combustion of fossil fuels at atomic-molecular level, using matter-energy conversions (e.g., gasoline in engine was converted to energy to run car), and possible identifying some form of a gas product. Recognize homogenous mixtures (e.g., gasoline) but cannot name substances or molecules in the mixture that contain carbon. 

Common Errors:

· When solids or liquids, such as fossil fuels “seemingly disappear”, this is explained by matter-energy conversions.



	3
	Causal sequences of events with hidden mechanisms

	Instead of a cellular process, the focus is on materials that organisms take inside them to help them grow or materials being burned, but does not recognize molecular structure of materials, identify chemical identities of materials, or distinguish matter from energy. Key characteristics include:
· Recognize that gases are matter, but no attempt to conserve gases at the atomic molecular level. Gas exchange is not connected with what happens to solids, liquids, or organisms. 
· Conservation of matter applies only to physical changes involving solid and liquids.
· Recognize that plants/animals/humans (not decomposers) are made of cells, but does not know the role of the cell.


	
	
	Explain changes in plants focusing on things the plant takes in (needs), especially tangible or visible things: Sun, soil, minerals, or water. Explain gases in terms of a gas-gas cycle that is opposite of breathing in humans (CO2-O2 cycle) and not associated with a cellular process, indicating only that they understand this happens at an invisible scale. Recognize heterogenous mixtures (e.g., wood is not a uniform compound) and attempt to identify barely visible parts. 
Common Errors:
· Focus on gas-gas cycles between plants and humans (e.g., plants make O2 for humans), but not at cellular level.
· Water, soil, or minerals (and sun) contribute to growth of plant.
	Describe growth as a general process of incorporating food into the body and focus on the materials that humans and animals take inside them, which may be localized to parts of the body (e.g., stomach digests food). Describes digestion in terms of the path food takes in the digestive system , but not to the cell. Do not distinguish between energy-rich and low-energy materials (e.g. food versus water).

Common Errors:

· Digestion is localized to stomach and intestines. 
· May use term “digest” generally without cellular explanation.

	Explain weight loss conserving matter through solid-solid or solid-liquid transformations and describe as a general process that is associated with organisms need for energy, but not at a cellular level. May use the word “decomposition” and associate this with an accurate mechanism (e.g., bacteria), but not with a cellular process. Do not distinguish between energy-rich and low-energy materials (e.g. food versus water).

Common Errors:

· May explain decomposition as analogous to rusting or evaporation.

· Explain breathing in terms of processes localized in the lungs.
· Explain weight loss through solid-liquid transformation or matter energy conversion, not at cellular level (e.g., fat turns into energy; fat turns into sweat).

	Describe combustion as a general process of “burning” and focus mostly on macroscopic products and reactants. Recognize that air is needed for combustion, but treat it as a condition rather than the source of a substance (oxygen) that reacts with the material that is burning. Recognize similarity among classes of materials such as foods and fuels, but the distinction is based on experience rather than descriptions of properties that fuels share. May confuse combustion with physical changes.

Common Errors:

· May liken combustion of gasoline to evaporation.
· Describe products of the general process (e.g., smoke, ash) not at the atomic-molecular level.


	2
	Event-based narratives about materials 


	Focus on observable changes in plants, humans and animals based on needs or vitalistic causality—idea of vital powers; need air, water, food to maintain vitality and health (e.g. plants need water to stay alive). Focus on observable changes in materials that are burned (e.g., wood, fossil fuels). Not understood in terms of smaller parts or hidden mechanisms or distinguished from conditions or forms of energy. Key characteristics include:
· Do not recognize gases as matter or attempt to conserve these during chemical changes 
· Recognize materials fulfill needs of organisms, but do not distinguish between materials that organisms need for growth, living, and energy and other things that organisms may need (e.g., space, shelter, exercise).

	
	
	Recognize materials such as air, water, and soil as fulfilling needs of plants, but do not distinguish between materials that plants need to make food and other things that plants need (e.g., space, shelter). If wood is recognized as a heterogenous mixture, it is described in terms of macroscopic parts (branches, leaves). Growth of plants is explained in terms of visible parts and natural tendency (e.g., plants grow when their branches get bigger).


	Recognize materials such as food, air, and water, as fulfilling needs of humans/animals, but do not distinguish between materials that organisms need for growth, living, and energy and other things that they need (e.g., shelter, exercise). Explain animal growth in terms of natural tendencies  (e.g., getting taller) or in terms of the visible parts of the organisms that change (e.g., humans grow or gain weight because they get taller).
	Explain weight loss or decomposition in terms of observable changes or activities (e.g., exercise, weather) or that the matter simply “disappears” or “goes away”. Decomposing materials may be described as changes into smaller, observable pieces ( e.g., decomposing leaves go away or turn into soil). Weight loss happens when fat “burns off”. 

	Burning materials may be related to essential characteristics of materials (e.g., the match burns because wood is flammable; gasoline tank is empty because it makes the engine run) and described in terms of what the flame does to the materials being burned (e.g., fire consumed the match). Burning materials disappear or turn into smaller visible objects (e.g., burning match disappears or turns into little bits of wood).



	1
	Human-based narratives about objects


	Focus on observable changes of plants/humans/animals or fuel sources, but use human analogy/ intentions/needs/emotions and effects on humans to explain how changes happened (e.g., plant died because it did not get love, plants grow like humans so they can protect themselves, the match burns because someone struck the match).  Key characteristics include:
· Plants and animals are characterized according to their relationships with humans and human uses—food, flowers, pets, etc.—or are understood in human terms (e.g., cartoon movies about animals with human traits and emotions, plants need love and care to grow and vitamins like humans, grouping vegetables and fruits because humans eat them, gasoline helps cars run, wood is used for furniture, paper, and pencils 
· Changes in humans, such as weight loss, is attributed to human intention or effort (e.g., he tried hard to lose weight)




Appendix C: Detailed Levels for Chemical Models Applied to Large-Scale Systems

	
	
	Chemical Models Applied to Large Scale

	
	Levels
	Generation
	Transformation
	Oxidation in LS
	Oxidation in HS

	5
	Qualitative model-based accounts across scales 

 
	Use atomic-molecular chemical models to explain large scale changes across time (e.g., global climate change, settlement and agriculture, industrialization and energy/transportation systems) and conserve matter and mass (including gases) correctly when describing large scale changes. Key characteristics include:

· Identify key carbon reservoirs and fluxes.

· Identify atmospheric CO2 as an accumulating waste product from respiration and combustion that is related to global climate change, and connect processes that produce and consume atmospheric CO2 (e.g., connect plants as a key sink for atmospheric CO2 and combustion of gasoline as a key source).
· Cannot use stoichiometric calculations to calculate the amount of certain materials, such as CO2, involved in chemical change so as to understand the influence of human behavior on atmospheric CO2 level on large scale.

	
	
	Identify that plant processes, such as photosynthesis, can influence and be influenced by levels of atmospheric CO2 on large or global scale (i.e., plants as a net carbon sink). May also explain, at least partially, that the production of domesticated plants often consume fossil fuels and reduce sequestration of carbon in forests and soils, even though the plants generate biomass and absorb atmospheric CO2.


	Describe the role of organisms in terms of trophic levels (producers, consumers, decomposers, etc) and predict changes in one trophic level based on changes in another. Point to alterations in trophic levels that have influenced natural communities’ ability to sequester carbon and have altered the net flow of CO2 into and out of ecosystems.


	Identify that respiration from living organisms, especially respiration of decomposers, influence levels of atmospheric CO2 (i.e., identify organisms as carbon sources when they are considered at a large scale). Point to alterations in land use and use of chemicals that may influence the rate at which decomposers release CO2 into the atmosphere.


	Identify that the burning of fossil fuels, and other organic materials such as wood, produce CO2, which is a large carbon source that contributes to rising atmospheric CO2 levels and global warming. Energy supply chains include sources, especially gasoline, natural gas, and electricity for local transportation and appliances.  These are tied to energy resources, most commonly fossil fuels: petroleum, coal, and natural gas.


	4
	School science narratives of processes 

 
	Describe large scale systems, sometimes identifying key substances involved (such as CO2) but do not apply atomic-molecular accounts consistently to explain large scale changes. Key characteristics include: 

· Awareness of conservation of matter and energy as general laws that govern large systems, but not able to use them to describe changes in those systems.
· Identification of a limited number of materials flowing through large systems, but not necessarily by chemical identity.
· Identify that CO2 is related to global warming, but cannot explain how the rising of atmospheric CO2 level contributes to global warming or identify the key sources of atmospheric CO2.

· May confuse global warming with ozone depletion.

	
	
	Recognize that plants influence atmospheric CO2 levels, but do not explain how. May explain that deforestation affects oxygen levels, rather than CO2 levels (invoking cellular level or photosynthesis).


	Describe role of organisms in terms of trophic levels (producers, consumers, decomposers, etc) and describe relationships among living organisms in terms of matter/energy being passed through food chain, but cannot consistently identify matter transformation and chemical identities of matter, or distinguish matter and energy. Describe matter flow within a food chain/web in terms of a “general” materials (e.g., food) and not specific substances (e.g., carbohydrates, lipids, proteins).


	May recognize that respiration, especially respiration of decomposers, can influence levels of atmospheric CO2, but does not explain how. 

	May recognize that combustion contributes to rising atmospheric CO2 levels and global warming but does not explain how. May relate activities (using gasoline) or processes (combustion) to global warming, but does not explain this in terms of CO2.


	3
	Causal sequences of events with hidden mechanisms
	Describe large-scale systems using macroscopic accounts of materials and change. Key characteristics include:

· Have general ideas about  “clean air” and “pollution”, but not descriptions of what substances make up air or pollution.

· Changes in environment are caused by extreme instances of weather, OR

· Changes in environment are caused by “direct” actions humans take (explaining tree growth by humans “putting stuff in soil” or “adding chemicals”).

	
	
	Recognize that plants influence global processes but use incorrect mechanisms to explain this (e.g., focus on oxygen or sunlight absorbed by plant) but do not indicate understanding at a cellular level. General idea that planting trees is good for air for people and habitats for animals. May explain that deforestation affects oxygen levels (but not indicating a cellular process to produce oxygen).


	Recognize food chain as sequences of events. (e.g., rabbit eat grass and coyote eat rabbit) but do not pay attention to the underlying matter movements in those events. Organisms in food chains are related by the process of “eating” or tracing “food” material. Identify all organisms, including decomposers, in food chain or present in ecosystems, but not their role as producers, consumers and decomposers (e.g., may think fungi are producers like plants and visible decomposers, such as worms and insects are consumers). 
	Do not recognize cellular respiration as influencing large-scale systems
	Recognize that combustion (burning) has influence on global warming but does not explain how and cannot identify CO2 as green house gas. General idea that “smoke” or “exhaust” given off by factories or cars is bad for the air. Combustion of liquids fuels are likened to evaporation of water.



	2
	Event-based narratives about materials 


	Large-scale systems (settlement, agriculture, energy and transportation systems) are described as “the way things are”. 

	
	
	Do not recognize that plants are connected to global processes (e.g., global warming/climate change), but rather global warming occurs by sun directly heating up the earth and plants might provide “shade” to prevent this from happening.


	Use romantic narratives to describe relationships among organisms. (e.g., nature videos). Make connections between deforestation and destruction of animal habitats. Identify plants and animals in food chains, but not decomposers. Identify subclasses of organisms based on macroscopic experiences. Some organisms take on positive qualities, such as trees, and non-threatening animals (e.g., rabbits, chicks, deer), while other animals take on negative qualities associated with being a predator (e.g., bears, wolves, snakes, sharks). 


	Do not recognize cellular respiration as influencing large-scale systems.


	Burning materials, such as trees, is described as a “bad” thing. Do not recognize combustion of fossil fuels as influencing large-scale systems.



	1
	Human-based narratives about objects


	Large-scale systems (settlement, agriculture, energy and transportation systems) are described as things needed by humans. 

	
	
	Deforestation is not viewed as a negative thing, but rather plants provide humans with materials they need.


	Use mythic narratives to describe relationships among organisms. (e.g. Lion king, Bambi). Relationships among animals are cooperative in the sense of “good will” to fellow animals. Relationships among animals are judged in terms of human emotions or characteristics: “mean fox” and “innocent bunny”.

	Do not recognize cellular respiration as influencing large-scale systems.


	Do not recognize combustion as influencing large-scale systems.
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1 There are developers who have worked hard to incorporate research results into their frameworks, notably AAAS Project 2061 (1993, 2001, 2007).  Their frameworks, however, have used research results rather than adhering to research standards for coherence and empirical validation.


2 The term socio-ecological systems comes from the Strategic Research Plan of the Long Term Environmental Research Network (LTER Planning Committee, 2007).  It reflects the understanding of these scientists that cutting-edge ecological research can no longer be conducted without considering the interactions between ecosystems and the human communities that occupy and manage them. 


3 Figure 1 is based on a diagram from the LTER strategic plan (LTER Network, 2007, page 11) describing the structure and function of socio-ecological systems. 


4 We define environmental systems to include both natural ecosystems and ecosystems that have been substantially altered by humans, such as farms.  


5 Note that the four columns of Table 1 separate two chemically similar processes—cellular respiration and combustion—involving the oxidation of organic compounds.


7 This item was developed by Janet Batzli.  
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