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Developing learning progressions is an iterative process—every year we learn more, and we revise our frameworks and assessments on the basis of what we have learned.  The interviews are our best data source for doing this. This working paper tells a story line about our research during the past two years and new ideas generated based on that. We will begin with the interview protocol and then address how the ideas about developing the learning progression framework evolve. 

INTERVIEW PROTOCOL
The content topic we focus on is carbon-transforming processes. Carbon-transforming processes include three classes of atomic-molecular bio-chemical processes:  
· Organic carbon generation process—photosynthesis

· Organic carbon transformation processes—digestion & biosynthesis

· Organic carbon oxidation processes—cellular respiration and combustion. 
These processes are constrained by three fundamental principles: 
· Matter conservation

· Energy conservation

· Energy degradation

Carbon-transforming processes explain a variety of macroscopic events that contribute to global climate change. We developed two interview protocols that ask students to explain eight events (available at http://edr1.educ.msu.edu/EnvironmentalLit/publicsite/html/assess_cc_09-10.html): 

· Form A

· Organic carbon generation: TG—Tree Growth
· Organic carbon oxidation: TD—Tree Decaying; FB—Flame Burning; CR—Car Running 

· Form B

· Organic carbon transformation: BG—Baby Girl Growth 

· Organic carbon oxidation: GR—Girl Running
· Comparison and Connections of Processes: Lamp Lighting—LL; XP—Cross Processes 
We use a branching-structured interview to fit students’ differing abilities in science. We start with general questions (e.g., what does the tree need in order to grow? How does water help the tree to grow? Do you think that water changes into other things in the tree’s body?), which make sense to all participants, even elementary students. If students’ responses to general questions indicate some understanding of matter and energy, we move onto specific questions about atoms, molecules, and energy forms (e.g., Where does the carbon atom of carbon dioxide go? Where does the energy of gasoline go?).

 evolution of research ideas

We use the Learning Progression Framework (Table 1) to represent students’ learning progression. Students’ understanding of the socio-ecological events (i.e., TG, BG, GR, TD, FB, CR, XP) can be assessed and measured from different dimensions of learning performances—progress variables. For example, we can assess students’ understanding of matter and energy. So, matter and energy can be progress variables. As we use progress variables to measure students’ understanding, we often see patterns of learning performances that can be ordered into qualitatively different levels. These levels are achievement levels. 
Table 1. General Structure of the Learning Progression Framework 

	Achievement Levels
	Progress Variables

	
	Variable 1
	Variable 2
	Variable 3

	Upper Anchor
	Learning performances

	Intermediate Levels
	

	Lower Anchor
	


Naming and Explaining as Progress Variables
In the summer of 2008, we conducted a cross-cultural study. We interviewed elementary and secondary students from US and China. As we compare American and Chinese students’ accounts, we found that American and Chinese students demonstrated different patterns of progress on Naming performance and Explaining performance. Naming Progress Variable focuses on the vocabulary (nouns) that the students use to construct their accounts. For example, lower-level accounts often use words about body parts and feelings, while higher-level accounts are constructed using words about atoms, molecules, and energy forms. Explaining Progress Variable is about he nature of the accounts—the ways of reasoning students use to construct the accounts. For example, lower-level responses often indicate force-dynamic reasoning and hidden mechanism reasoning, while higher-level responses rely on matter/energy reasoning. The table below represents the learning progression with Naming and Explaining as progress variables. 

Table 2. Learning Progression with Naming and Explaining as Progress Variables (used for 08-09 data analysis)

	Explaining
	Naming

	Level 4. Linking processes with matter and energy as constraints
	Linking carbon-transforming processes at atomic-molecular, macroscopic, and global scales with matter and energy as constraints
	Level 4. Scientific statements
	MATTER: scientifically appropriate names for both reactants and products; both gases and solids/liquids named as material reactants or products
ENERGY: all forms of energy involved in the chemical change; heat as byproduct

	Level 3. Changes of Molecules and Energy Forms with Unsuccessful Constraints
	Link macro-processes with change of molecules and/or energy forms at atomic-molecular or global scale, but cannot successfully conserve matter/energy.
	Level 3. Scientific words of organic molecules, energy forms, and chemical change
	MATTER (organic molecules): glucose, C6H12O6, monosaccharide, glycogen, lipid, ATP, ADP, carbohydrate, hydrocarbon, octane; 

ENERGY (bonds, energy forms): C-C bond, C-H bond, light energy, kinetic energy (American version), electrical energy, chemical energy, heat energy

PROCESS (chemical reaction): cellular respiration (American version), combustion (American version), oxidation, light reaction, dark reaction

	
	
	Level 2.5. Easier scientific words with mixed meanings 
	MATTER: Fat, sugar, starch, organic matter, carbon, molecule, atom

ENERGY: stored energy, motion energy
PROCESS: photosynthesis, decomposition/decomposer, chemical reaction/change
OTHERS: chloroplast

	Level 2. Force-dynamic accounts with hidden mechanisms
	Link macro-processes with unobservable mechanisms or hidden actors (e.g., decomposer), but the focus is on enablers, actors, abilities, and results rather than transformation of matter and energy. 
	
	

	
	
	Level 2. Hidden mechanism words 
	MATTER: carbon dioxide, oxygen, nutrients, gas (as in gas, liquid, and solid), 

ENERGY: calories, electricity

PROCESS: digestion, digest, digestive system, break down

OHTERS: bacteria, fungi, micro organisms), cell, power plants

	
	
	Level 1.5. Easier hidden mechanism words 
	ACTOR: organs (e.g., lung, stomach, heart, etc.), machine parts (e.g., engine, cylinder, piston), material

ENABLER: fuels (e.g., gasoline, diesel, oil, coal, petroleum), heat 

	Level 1. Macroscopic force-dynamic accounts
	Describe macro-processes in terms of the action-result chain: the actor use enablers to accomplish its goals; the interactions between the actor and its enablers are like macroscopic physical push-and-pull that does not involve any change of matter/energy.
	
	

	
	
	Level 1. Words about actors, enablers, and results 
	ACTOR: body parts (e.g., leaves, roots, leg, etc.)

ENABLER: water, air, sunlight, food (e.g., food, milk, bread, etc.), bugs, wind, lighter, etc. 

RESULT: strong, healthy, grow, run, warm, etc. 


Although the Naming and Explaining Progress Variables enabled us to find important progress patterns of American and Chinese students, they have a significant weakness: the Explaining Progress Variable only address general patterns of students’ conceptual development and does not tell how students’ specific ideas about matter and energy develop. On the other hand, the interview transcripts provide much richer information that cannot be captured by Explaining Progress Variable. In particular, we found that two patterns of students’ conceptual development should be studied: 1) Association and Tracing and 2) Five Practices. 

Association and Tracing 
Explanations are constructed based on concepts, or entities. While scientists use scientific entities such as matter and energy to explain events, students often use intuitive or informal entities such as natural ability and vital power to make accounts. If we compare scientific accounts with students’ informal accounts, we will find that both scientists and students are doing two things, although the ways of doing these two things are very differently. Scientists and students associate the entities with different observable or perceptual phenomena. For example, the scientific entity of energy is associated with limited energy indicators such as light, warmth, foods, etc., while the informal entity, natural ability, is associated with many aspects of events including actions, conditions, feelings (e.g., being happy), etc. This is the Association Performance. Scientists and students also trace the entities in different ways. While scientists trace energy with degradation and separately from matter and conditions, student often use matter-energy conversion for reasoning or they may trace the power-result chain. This is the Tracing Performance. Therefore, using Association and Tracing as progress variables would enable us to compare students’ intuitive reasoning with scientific reasoning more effectively. 
Five Practices

The interview data also indicate that students’ conceptual development is reflected on five practices: 
· Explaining Visible Changes: Macro Practice, Mass/Gases Practice, and Energy Practice
· Awareness of Invisible Scales: Micro Practice and Large Practice
Explaining Visible Changes: Macro Practice

Macro practice focuses on the following questions: 

· Association: What things are involved? How are they similar or different? 

· Tracing: How do things change? Where do they come from? Where do they go?

Students’ progress in Macro Practice describes how students categorize things in the world and how they understand changes within and across categories. In particular, younger children tend to understand the world in terms of three categories: living things (i.e., living plants and animals), dead and inanimate things (i.e., dead plants and animals, water, soil, food, and other solids and liquids), and insubstantial kinds (i.e., gases such as air, conditions, and energy). They think changes are restricted within each category. As they progress, they recognize the similarity among things in different categories and begin to think about changes across categories. The table below shows the comparison of Level 1 and Level 4 Macro Practice (horizontal arrows—changes across categories; vertical arrows—changes within categories):  
Table 3. Comparison of Level 1 and Level 4 Macro Practice 

	Level 4 general categories
	Matter
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	Linking states
	Solids and liquids
	Gases
	Not matter

	Linking material kinds
	Plants, animals
	Dead plants and animals
	Water, soil
	Air
	Light, heat
	Temperature, care

	Level 1 general categories
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Living things 
	Dead and inanimate things 
	Insubstantial kinds: gases, conditions, energy


Explaining Visible Changes in Size/Mass/Weight: Mass/Gases Practice

Mass/Gases Practice focuses on students’ ideas about the following questions: 

· Association: Does it have weight/mass? 

· Tracing: Does it contribute to weight gain/loss? 

A simplified version of students’ progress on explaining changes in Mass/Gases Practice is represented below: 

· Level 1. Conditions and/or Living things (actors) (changes in sizes
· Level 2. Hidden processes such as bodily functions keep the living things in good conditions ( changes in sizes ( changes in weight

· Level 3. Solids and liquids have mass( changes in mass of solids and liquids with matter-energy conversions.  
· Level 4. Solids, liquids, and gases have mass ( changes in mass of solids, liquids, and gases

Explaining Visible Changes: Energy Practice
Energy Practice focuses on students’ ideas about the following questions: 

· Association: What are the things that cause changes? 

· Tracing: Where do they come from? Where do they go? 

Students’ progress on Energy Practice is represented in the diagrams below: 


Awareness of Invisible Scales: Micro-scale Practice and Large-scale Practice

With the expansion of their experience with the material world and social world, students are becoming more and more aware of invisible scales—micro-scale and large-scale. Micro Practice focuses on students’ ideas about the following questions: 

· Association: What are the smaller/invisible parts? 

· Tracing: Are there invisible changes behind the macroscopic phenomena? How are they related to macroscopic phenomena? 

Large Practice focuses on students’ ideas about the following questions: 

· Association: How are changes/events similar or different? 

· Tracing: How are changes/events connected? 

The diagram below shows that, at how students begin to develop more and more sophisticated ideas about the two invisible scales—micro-scale and large-scale.

More explanation about the comparison between Level 3 (Large-scale nutrients cycle and gas cycle with energy cycle) and Level 4 (carbon cycle and energy flow) is illustrated in the diagrams below: 


See appendix for detailed description of levels. 
Coding process

The whole coding process contains two major steps: Developmental Coding and Full Coding. 

Files

The following files will be used for coding: 

1. Coding rubrics: 

· General Level Description (Appendix of this file) has general level descriptions. They are not specific about each process.  

· Interview Exemplar Workbook (InterviewExemplarWorkbook.xls) has specific level description and exemplar responses for each process. 

2. Coding Workbooks: 

· Developmental Coding Workbook (DevCodingWorkbook.xls) has interview transcripts selected from the data set. It is used for pilot coding. Everyone needs to code all the interviews in the workbook. The purpose is to identify problems of coding rubrics and coders understanding of the rubrics. Developmental Coding Workbook contains: 

· Procedure Worksheet that describes the steps of coding. 

· Six Transcript Worksheets that have interview transcripts from six students. They are also worksheets that you use for coding and making notes. 

· Combined Worksheet for you to recode your final codes. 

· Full Coding Workbooks store all the interview data we have. They have the same structure as the Developmental Coding Workbook. There are four full coding workbooks: FullCodingWorkbookPreA.xls, FullCodingWorkbookPreB.xls, FullCodingWorkbookPostA.xls, and FullCodingWorkbookPostB.xls. 
Coding Each Transcript 

We will first talk about how we code each interview transcript. Our unit of analysis is account units. Each account unit is an episode of interview that is about one process (i.e., TG, BG, GR, TD, FB, CR, LL, or XP). Coding procedures are elaborated as the following:  

1. Find out the practices you will need to code: 

· TG, BG, GR, TD, FB, and CR are individual processes. They are coded by four practices—Macro, Mass/Gases, Micro, and Energy—and Naming Performance. 

· LL is mostly about energy and is coded by Energy Practice and Naming Performance. 
· XP is about the connections among and classifications of the individual processes and is coded by Large Practice and Naming Performance. 

2. Follow the following steps to code each account unit:

· For each practice of the Explaining Performance, identify all indicators that are described in the rubrics file. Look at the indicators and decide the final level of the account unit holistically. Make notes about why you code certain practice at certain level and whether the level descriptions make sense. 

· Use the same way to code the Naming Performances. 

3. After you finish coding all account units in the transcript, copy the final codes on the Combined Worksheet. 

Coding Tasks

We conduct three coding tasks: 

TASK 1. Developmental Coding
There are two purposes of developmental coding: to help coders understand the levels and coding strategies and to revise the levels. 
· Coding: 

· Each coder follows the coding procedures described below to code all six transcripts in the Developmental Coding Workbook. 

· Solving the disagreement problems: 

· The intention of developmental coding is to identify important problems of coding rubrics and help coders to understand the coding rubrics. When all coders reach agreement on developmental coding, we then begin full coding. 

TASK 2. Full Coding

· Coding: 

· Each full coder will be assigned a set of interview transcripts. The coder uses the coding procedures described below to code all the interview transcripts in the set. 

· Reliability Check: 

· Coders are also assigned to do reliability check—coding every fifth interview in other coders’ sets. 
· Reconciliation: 

· There are eight reconcilers. Each reconciler is in charge of one process (i.e., TG, BG, GR, TD, FB, CR, or XP). The reconcilers’ responsibility is to communicate with the coders who code the particular process and reach final agreement: 
· If the agreement of all codes of one particular process (e.g., TG) is higher than 80%, there is no further work on that process. 
· If the agreement of all codes of one particular process is lower than 80%, we will discuss the problem in our group meetings. After the meeting, the reconciler will communicate with the coders of that process and reach agreement according to the decisions made in the meetings.  

TASK 3. Validity between interview coding and written assessment coding:  

We will discuss how to conduct validity between interview coding and written coding and come up with a plan soon. 
appendix 1. Detailed level description
Please note that gas cycle is coded at different levels for different practices (See note 9 for details). 
	Levels 
	Progress Variable: Macro Practice 

	
	Association

WHAT THINGS ARE INVOLVED? HOW ARE THEY SIMILAR OR DIFFERENT? 
	Tracing

HOW DO THINGS CHANGE? WHERE DO THEY COME FROM? WHERE DO THEY DO THEY GO?

	4. Chemical reaction
	Identify foods, body structure, and fuels as being composed of organic substances and distinguish organic substances from inorganic substances in terms of energy. 

Identify all reactants and products including gaseous reactant/product (CO2 and O2).
	Correctly describe transformation of substances separately from energy transformation and involving gaseous reactants/products. 

	3. Transformation of substances (one substance change into another substance or energy without reaction)
	Recognize living things, inanimate materials, and gases as substances, but cannot successfully distinguish between organic and inorganic substances.

Correctly identifies some substances, including some gases (CO2 and/or O2), as reactants and products, but 

· may not identify all reactants and products 

· may not distinguish between matter and energy 
	Transformation of substances across two categories—living things and inanimate materials. 

· Recognize transformation of substances between living things and inanimate materials (e.g., food becomes body structure; wood becomes nutrients in soil; nutrients of soil becomes energy of the tree). 

· Trace material kinds without successful conservation of matter/energy

Initial tracing between gases and other material kinds. 

· Involve gases in transformation of material kinds, but do not recognize gases’ contribution to weight gain or loss. 

Gas cycle (CO2—O2) in TD, FB, and CR 

	2. Changes of quality of material kinds 
	Recognize living things and inanimate materials as material kinds: 

· Living things are made of “stuff” or “material kinds” that have weight. 

· Inanimate materials are composed of certain “stuff” or “material kinds” that determine their macroscopic functions (e.g., gasoline and water are made of different types of chemicals and that is why gasoline moves the car). 

· Begin to recognize fundamental similarities of solids and liquids—solids and liquids are “material kinds” that have weight and are composed of invisible particles.

· Understanding of materials as constituents maintaining some non-perceptual properties (e.g., gasoline has chemicals that can burn). 

Recognize quality of gases:  

Recognize O2 and CO2 as kinds or qualities of “air,” but not as distinct material kinds
	Recognize mechanical changes within and between two categories—living things and inanimate things. 

· Describe mechanical changes of material kinds (e.g., movement of material kinds in the actor’s body.)

· Describe changes in qualities or properties of material kinds.
Recognize changes within the category of non-substantial kinds: Quality of gases may change (e.g., “good” air changes into “bad” air after it is used by people; oxygen changes into carbon dioxide when it is used by people). 

Gas cycle (CO2—O2) in TG, BG, GR

	1. Changes within categories 
	Identify living things as living actors—living actors (plants, animals, flame) have natural abilities. (e.g., tree grows; flame grows).  

Identify certain inanimate materials as enablers (i.e., enablers such as gasoline, water, wood, soil, etc.) and recognize that they are made of “stuff” that has weight and have macroscopic functions. (e.g., food makes us not to feel hungry; water hydrates our body). 

Gases as non-substantial kinds: Treat gases, conditions, and forms of energy as non-substantial kinds that do not have weight. 
	Changes within, but not across, categories: 

· Living things: living things grow and move, when getting life necessities such as air, water, food, fuels, etc.; living things die when getting old or losing life necessities. 

· Inanimate materials: Inanimate materials have certain macroscopic functions that help the actor to reach its goal. 

· Gases: Gases provide a good condition for the actors. No explicit description of gas change. 


	Levels
	Progress Variable: Mass/Gases Practice

	
	Association

DOES IT HAVE WEIGHT/MASS?
	Tracing

DOES IT CONTRIBUTE TO WEIGHT GAIN/LOSS?

	4. Change of mass of solids, liquids, and gases
	Recognize mass as fundamental measure of the amount of matter and distinguish mass from density. 

Identify all reactants and products: 

· Correctly identify gaseous reactants and products in chemical reactions
· Mass as the fundamental measure of the amount of matter of solids, liquids, and gases. 
	Explain weight gain/loss in terms of change of mass of all reactants and products.  

· Correctly explain weight gain and loss involving gaseous reactants and products (e.g., the most weight of the tree comes from carbon dioxide).  

· Committed to conservation of mass in all physical and chemical changes

	3. Change of mass of solids and liquids 
	Recognize mass as fundamental measure of the amount of matter, but may still confuse mass and density

Recognize gases as substances, like solids and liquids, and differentiate gases from conditions: 

· Identify CO2 and O2 as gaseous reactants and/or products

· Recognize that gases have weight, but do not systematically consider how gases contribute to weight gain/loss. 
	Recognize weight gain and weight loss as observations that need to be explained, but often have non-canonical explanations, especially matter-energy conversions

Involve gases in transformation of material kinds, but do not recognize gases’ contribution to large weight gain or loss. 

	2. Internal processes (bodily functions, breathing, etc.) causes weight gain/loss


	Recognize measured weight as an important property, not clearly distinguished from density. 

Recognize O2 and CO2 as kinds or qualities of “air,” but not as distinct material kinds;

	Describe weight loss/gain as the result of hidden processes—actions of invisible organs or internal parts such as bodily functions, breathing, etc. 

May identify weight gain/loss as the result of change of size. 

Describe change of quality of gases (e.g., “good” air changes into “bad” air after it is used by people and/or animals; oxygen changes into carbon dioxide when it is used by people and/or animals). 

Recognize that solids and liquids conserve weight across simple physical changes: breaking into parts, melting and freezing, changes in shape

	1. Conditions & actions causes change of size 


	Treat air as non-substantial kinds, like conditions

Recognize that living things and inanimate matter have felt weight, but felt weight is not recognized as fundamental measure of the amount of matter

Weight generally refers to felt weight rather than measured weight
Size as bigness. 
	No explicit description of gas change: gas is treated as condition and therefore change of gases is not identified. 

May recognize change of sizes, but do not identify change of weight/mass

Treat change of size as the result of actions or conditions (e.g., the tree grows, so it puts on more weight.)


	Levels
	Progress Variable: Micro Practice

	
	Association

WHAT ARE THE SMALL/INVISIBLE PARTS?
	Tracing

ARE THERE INVISIBLE CHANGES BEHIND MACRO PHENOMENA?

	4. Tracing matter with successful conservation of atoms; Tracing energy separately from matter and/or with degradation
	Characterizes reactants and products in terms of chemical identify (e.g., glucose and other carbohydrates consist of C, H, and O atoms bonded together). 

Correctly explain why organic molecules contain energy in terms of atom configuration in the molecules (i.e., organic molecules contain C-C and C-H bonds which store more energy than O-H and C-O bonds).
	Successfully trace carbon atoms in chemical reactions (e.g., the carbon atom of glucose comes from carbon dioxide).

Committed to conservation of atoms in all physical and chemical changes

	3. Tracing matter without successful conservation of atoms & Tracing energy not separately from matter and/or without degradation
	Recognize that living and non-living materials are made of atoms and molecules, but do not recognize that molecules (not atoms) determine the chemical identity of the substances. 

Identify familiar carbon-containing organic molecules as energy sources, but connect energy with chemical bonds in general rather than identifying C-C and C-H bonds as high-energy bonds. 
	Describe energy transformation and/or matter transformation in chemical reactions, but do not successfully conserve atoms: 

· may describe changes between energy forms and atoms/molecules; 

· do not specifically trace carbon atoms

· may use chemical equations without tracing individual atoms

	2. Identifying hidden structures of enablers/actors & Describing invisible processes. 
	Recognize cells as fundamental units in animals and plants.
Identify internal body parts. 
Identify hidden actors (e.g., decomposers).


	May recognize and use familiar chemical formulas (e.g., CO2, H2O), but do not use atomic-molecular models to explain macroscopic events.

Describe invisible processes that are identical to patterns identified based on observable changes (e.g., gasoline becomes energy and is used up to move the car; nutrients of foods are absorbed by the body).  
Trace materials through bodies and into and/or out of cells.

	1. Identifying visible Changes & functions of enablers
	Describe subsystems limited to parts student can see or feel.
	Do not explain any invisible changes behind the macroscopic cause-effect relations between the actor and its enablers.


	Level
	Progress Variable: Energy Practice

	
	Association

WHAT ARE THE THINGS THAT CAUSE CHAGNES?
	Tracing

WHERE DO THEY COME FROM? WHERE DO THEY GO?

	4. Associate energy with high energy bonds & trace energy with degradation
	Correctly identify energy source(s) of individual socio-ecological events. 

Consistently associate forms of energy with energy indicators 

Distinguish forms of energy from organic molecules (e.g., ATP and glucose are matter, not energy.) 

Associate energy with C-C and C-H bonds of organic molecules
	Trace energy with degradation and separately from matter in chemical reactions and/or at large scales. 

Recognize that energy is not recycled due to energy degradation, especially in oxidation processes. 

	3. Associate energy with organic molecules & attempt to trace energy backward and forward 
	Do not distinguish energy from organic molecules (e.g., sugar, ATP)

Identify all reactants of chemical reactions as energy sources (e.g., both oxygen and wood are energy sources for burning).

Associate forms of energy with

· chemical bonds in general, but do not identify C-C and C-H bonds

· chemical reactions correctly (e.g., light energy is used for photosynthesis; light energy is produced in combustion). 

· energy indicators including familiar organic substances (e.g., glucose, ATP, carbohydrates), but do not identify all involved forms of energy. 
	Trace energy without degradation in oxidation processes or food chain/web. 

Trace energy but not separately from matter (matter-energy conversion): Describe changes between forms of energy and materials (e.g., glucose becomes kinetic energy and heat). 

Correctly trace energy, but cannot connect that to relevant changes in matter (e.g., state that light energy becomes chemical energy, but cannot correctly connect that to matter transformation in photosynthesis). 

	2. Associate energy with obvious energy indicators & trace the power-result chain
	Recognize that actors cannot create vital power and that they must gain vital power from enablers

Indicate that enablers have certain vital power (e.g., enablers have energy, vitamin, nutrients, power, etc.)

Associate energy with obvious indicators such as motion and heat, but do not distinguish energy enablers (e.g., sunlight, foods, fuels) from non-energy enablers (e.g., water, nutrients in soil, oxygen etc.).

Associate energy with foods and fuels, but do not identify any organic molecules of foods and fuels. 
	Trace power/energy backwards but not forwards 

· Actor gaining vital power/energy through hidden processes

· Trace the power-result chain: Vital power triggers hidden processes such as cell reproduction, substances breaking down, blood transportation, etc. 

· Actor losing vital power through hidden processes

	1. Associate energy with perceptions & trace the action-result chain
	Indicate that both the actor and its enablers have certain naturally endowed ability or functions (e.g., water hydrates the tree). 

Associate the word energy with characteristics of changes or perceptions (e.g., being happy, excited, energetic, etc.) 
	Use action-result chain to explain uphill events: The actor uses its enablers to take action. As the result, it reaches its goals to keep alive, to grow, to keep burning, and so on. The interactions between actors and enablers are like macroscopic physical push-and-pull that does not involve any change of matter/energy.

Use the cause-effect chain to explain downhill events (i.e., tree decaying): When the tree gets old, dies, or loses its life necessities, it will change towards downhill direction such as deteriorating.


	Levels
	Progress Variable: Large Practice

	
	Association

HOW ARE CHANGES/EVENTS SIMILAR OR DIFFERENT? 
	Tracing

HOW ARE CHANGES/EVENTS CONNECTED?

	4. Matter cycle and energy flow
	Correctly categorize processes in terms of role in carbon cycle: generating, transforming, and oxidizing organic matter.
	Describe matter cycle involving carbon transformation between organic and inorganic forms. 

Trace carbon atoms through large-scale systems by connecting processes.

Describe energy flow in food chain or chains of events. 

	3. Nutrient cycle and gas cycle with energy cycle
	Considers types of matter and energy transformation in classifying processes, but does not see full set of scientific commonalities and distinctions.  For example:

· Still may not distinguish tree growth from animal growth

· May not see similarities among oxidizing processes (weight loss, decay, combustion)
	Describe nutrient cycle: sunlight ( plants ( food chains ( decay (enrich the soil) ( plants. 

Describe gas cycle (carbon dioxide and oxygen cycle) between plants and animals. 

Describes energy pyramids without specifically attributing them to energy degradation.

	2. Sequence of events
	Classify events in terms of invisible processes such as life cycle, growth, burning, decaying, food chain (feeding relationships), etc.
	Describe sequence of events: 

· Describes food chains in terms of eating relationship rather than movement of matter/energy. 

· Connect individual processes through cause and effect or proximity in space and time, but not through transfer of materials or forms of energy

	1. Alike or different by actors
	Classify processes according to actors and actions rather than processes (e.g., tree growth and tree decaying are similar, because they are both about tree).

Compare how events alike or different based on macroscopic observations. 
	Treat events as separated. 




APPENDIX 2. NOTES AND Q&A
1. The level descriptions for two practices—macro-scale and gases—focus on students’ understanding of matter in three categories: living things, inanimate materials, and gases. 

· Level 1. Identify material kinds of living things and inanimate materials; treat gases as non-substantial kinds; describe changes within but not across each category

· Level 2. Describe mechanical changes between two categories—living things and inanimate materials; describe changes of quality of gases. 

· Level 3. Describe transformation of material kinds among the three categories, but do not recognize gases’ contribution to large-scale weight gain or loss. 

· Level 4. Describe matter transformation across three categories. 

2. More about Level 1 for Macro-scale Practices:

· Level 1 Association: Students see the world as made of 3 kinds of "stuff;"
--inanimate materials, like water, soil, and dead things.  These materials can't do anything, though they may be necessary enablers for actors to do things.
--living things, which are made of "energized stuff" and can do things.
--insubstantial "stuff" including gases, conditions, and forms of energy.  This stuff doesn't have weight, but it can cause changes in inanimate materials or be an enabler for living things.

· Level 1 Tracing: except for living things dying and becoming inanimate materials, "stuff" doesn't change very much among these categories, and "stuff" can change properties in a variety of ways within categories.
--So living things, can grow, for example, but this is just the living thing changing a property (weight), NOT inanimate "stuff" becoming living flesh (though food enables growth)
--similarly, a match can get lighter when it burns, but not because it is changing into gas. The wood of the match is changing its properties, including weight.

3. About the overlap between the practices: 

Mass/Gases vs. Macro: 

The purpose of the mass/gases practice is to focus more specifically on how students explain changes in weight.  So when students talk about gases in a qualitative way (e.g., you need oxygen to live, oxygen is changed into carbon dioxide, carbon dioxide is needed for photosynthesis) that is the Macro practice.  When they talk about changes in weight or mass (e.g., how the tree gains weight, what happens to the tree's mass when it decays, how the baby gains weight), those are all the mass/gases practice--even if they don't mention gases.  When students' accounts are incorrect, it's usually because they are not accounting correctly for the mass of gases.


Macro vs. Micro:

I think you have to decide what indicators the student has given about reasoning about subsystems, components of mixtures, or hidden mechanisms.  So:
--if the interviewer didn't ask about cells or molecules because the student obviously wasn't ready to talk about them (e.g., the student consistently focused on visible body parts or force-dynamic enablers), then that is Level 1
--if the student just answers "yes" to questions about cells or molecules (e.g., is the girl's body made of cells?  Is the tree made of molecules?) but does not elaborate and the interviewer does not follow up, that is NOT an indicator of micro-scale thinking, since the key words came from the interviewer rather than the student.   You would need some evidence of how the student uses the words "cells" and "molecules" or what meaning the student attaches to those words.
--if the student uses chemical names that can denote both macroscopic substances and molecules (e.g., CO2, H2O, glucose), that is clearly a macro indicator, but it is a micro indicator ONLY if the student gives some indication that s/he means to use those words as names of molecules)

4. Distinction between Level 2 nutrient cycling (cause and effect in which decay changes the quality of the soil) and Level 3 nutrient cycling (materials from decaying organisms are incorporated into the soil)

5. Chemical identity: Some substances are energy-rich because they have specific atom configuration—C-C and C-H. However, students at Level 4 may hold the misconceptions about bond breaking and forming such as that energy is released when bonds break.
6. Material kinds: Young children recognize that objects (solids) and liquids are made of “stuff”. That is, when the objects are cut into different shapes or when liquids are put into different containers, the stuff of them does not change. 

7. Non-substantial kinds: Young children tend to treat gases are non-substantial kinds that do not have weight and may disappear, but can act as enablers. 

8. Felt weight and measured weight: When young children begin to make sense of matter, their understanding of matter is largely relied on the notion of felt weight. That is, the weight of the object is largely relied on what students’ can see, feel, and touch. Some examples of felt weight are: one pond of cotton must be lighter than one pound of iron; weight is something about what you can feel rather than how much “stuff”. In the biological context, air has no weight, because it cannot be seen, touch, or feel. Later, students begin to rely on measured weight to reason. They recognize that the weight is relied on measurement and is about how much stuff the material has. This is a more objective view of matter. Please note that, in most interviews, we did not ask questions that would get at the difference between felt weight and measured.   
9. Gas Cycle (CO2 and O2 Cycle)

· Macro-scale (breathing in O2 and breathing out CO2) 

· Gas cycle in TG, BG, GR is easier to identify, so for TG, BG, and GR, gas cycle is at Macro Practice Level 2.

· In TD, FB, and CR, it is more difficult for students to identify gas cycle. So, in TD, FB, and CR, gas cycle is at Macro Practice Level 3. 

· Atomic molecular scale (O2 and CO2 as different molecules) is Level 3

· Large scale O2-CO2 cycling is Level 3

· Recognizing mass change (losing weight with CO2 breathed out) is Level 4

Q & A
1. In large-scale levels, the statement of "tree growth and baby/animal growth are similar" is in both level 2 and level 3 examples.

And Level 1 description, too.  I think that the point here is that it is only at Level 4 that students clearly and consistently distinguish between tree growth and animal growth in their descriptions of carbon-transforming processes.  There's a hypothesis here that we should check against the data.  I would expect Level 3 students to be clear that trees are producers and animals are consumers, but to have trouble connecting this fact to different accounts of the chemical changes in matter associated with tree growth and animal growth.

2. From my understanding, one statement can be coded in different practices. For example, the statement that "water hydrates people" can be coded in level 1 at macro practice, level 1 at micro practice and level 1 at energy practice. Is it right?

One statement can be coded in different practices. For example, the statement that "water hydrates people" can be coded as either macro or energy, depending on whether the question was about matter/growth or energy/running.  This is NOT a micro indicator, since students could state that water hydrates people and at the same time describe microscopic mechanisms (e.g., water is used to make food for plants). To decide the level for micro, you will need to find other indicators. 

3. What does "energized stuff" mean? More specifically, is "living things are made of energized stuff" similar to or different from "living things have natural abilities" (page 1)? How is this related to these students' notion of energy?

I would say that these have similar meanings.  The idea here is that for Level 1 and Level 2 students, the "stuff" may change when an organism dies.  So the muscles of a cow are different from beef, and the wood of a living tree can resist decay, while the wood of a dead tree cannot.
APPENDIX 3. LEVELS OF THE NAMIGN PROGRESS VARIABLE

	NAMING PROGRESS VARIABLE

	Level 4
	Scientific statements
· MATTER: correct statement of chemical equation at atomic-molecular scale (e.g., sunlight, carbon dioxide and water are used to make glucose); name C-C and C-H bonds as high-energy bonds in organic molecules. 

· ENERGY: all forms of energy involved in the chemical change; heat as byproduct

	Level 3
	Scientific words of organic molecules, energy forms, and chemical change
· MATTER (organic molecules): glucose, C6H12O6, monosaccharide, glycogen, lipid, ATP, ADP, carbohydrate, hydrocarbon, octane; 

· ENERGY (bonds, energy forms): C-C bond, C-H bond, light energy, kinetic energy, electrical energy, chemical energy, heat energy

· PROCESS (chemical reaction): cellular respiration, combustion, oxidation, light reaction, dark reaction

	Level 2.5
	Easier scientific words with mixed meanings 
· MATTER: Fat, sugar, starch, organic matter, carbon, molecule, atom

· ENERGY: stored energy, motion energy

· PROCESS: photosynthesis, decomposition/decomposer, chemical reaction/change, 

· OTHERS: chloroplast

	
	

	Level 2
	Hidden mechanism words
· MATTER: carbon dioxide, oxygen, nutrients, gas (as in gas, liquid, and solid), 

· ENERGY: calories, electricity

· PROCESS: digestion, digest, digestive system, break down

· OHTERS: bacteria, fungi, micro organisms), cell, power plants

	Level 1.5
	Easier hidden mechanism words
· ACTOR: organs (e.g., lung, stomach, heart, etc.), machine parts (e.g., engine, cylinder, piston), material

· ENABLER: fuels (e.g., gasoline, diesel, oil, coal, petroleum), heat 

	
	

	Level 1
	Words about actors, enablers, and results
· ACTOR: body parts (e.g., leaves, roots, leg, etc.)

· ENABLER: water, air, sunlight, food (e.g., food, milk, bread, etc.), bugs, wind, lighter, etc. 

· RESULT: strong, healthy, grow, run, warm, etc. 
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