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Developing a Learning Progression for Energy in Socio-ecological Systems
Abstract

In this research, we report our work on developing a learning progression for energy in socio-ecological
systems. We used both written assessments and interviews to elicit students’ accounts about key macroscopic
carbon-transforming processes: plant growth, animal growth, body movement, dead organism decaying, using
electric appliances, driving vehicles, and burning fossil fuels. We conducted both written assessments and
interviews with students from upper elementary to high schools. The research product is a learning progression
framework with three progress variables. Naming progress variable refers to the performance of verbatim
reproduction of vocabulary—the words students use to construct their accounts. Explaining progress-variables
describe the reasoning patterns implied in students’ accounts. There are two Explaining progre riables—
Association and Tracing. There are four levels of achievement of the Explaining (Association and racing)
progress variables: Level 1. associates natural ability with elements of events and traces the dction-result ¢Hain;
Level 2. associates vital power with enablers and traces the power-result chain; Level 3. associates energy with
energy enablers but traces energy unsuccessfully; Level 4. associates energy with enefgy indica
energy successfully. We found that less than 10% written responses reach Level 4, indi t most K-12
students are not able to use energy as a conceptual tool to successfully explain carbenstrans ing processes.
Key Words: learning progressions; carbon-transforming processes; student reasﬁning
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Introduction

Energy is a fundamental concept that spans the major science disciplines of physics, chemistry, and biology. In
this research we intended to develop a learning progression for energy in socio-ecological systems. A learning
progression is a sequence of successively more sophisticated ways of reasoning about a set of topics as
students expand their experience in and out of school over time (National Research Council, 2007). We
focused on K-12 students’ understanding of energy as it relates to carbon-transforming processes. Carbon-
transforming processes are important for students to understand, because they help students to und nd how
their everyday energy consumption activities are contributing to global warming. Global wafming is the
collective effect of a variety of socio-ecological events, including natural biological events (e,g., plantigrowth,
animal growth, animal body movement) and human energy consumption activities (e.g., bérnin foss%ﬂels,
driving cars, and using electric appliances). These events all involve carbon-transformi ocesses (i.e.,
photosynthesis, digestion and biosynthesis, cellular respiration, and combustion) that afe constrai
principles—energy conservation and energy degradation. We studied both scientific expl and students’
intuitive explanations of these socio-ecological events. While scientific explanationsef soci@-gcological events
are built upon energy principles, energy may not be an easy tool for students t6.con counts. Therefore,
we designed a written assessment and a clinical interview to elicit studexﬁ’ﬁ]c%rle bout socio-ecological
events. We analyzed students’ accounts and investigated the underlying reasoning ns. Based on this work,
we developed a learning progression for energy in socio-ecological systems.

This research is part of Environmental Literacy Research Project. This project focuses on developing learning
progressions for matter and energy in socio-ecological systems. Thi er reports on our work in developing a
learning progression for energy. The learning progression #or mﬁ%&ported in another paper about the
project (Lindsey, Chen, Anderson, 2009). N

Learning Progressiok/

Currently, different learning progressions have bgéntgdeveloped in many content areas including evolution

(Catley, Lehrer, & Reiser, 2005), matter (Liu & Lesh 006; Mohan, Chen, & Anderson, 2009; Smith, Wiser,

Anderson, & Krajcik, 2006), heredity (Ros@,, dwell, Gogos, & Kurth, 2006), water cycle (Covitt,

Gunckel, & Anderson, In Press), biod%{i;y%éipon, Tsurusaki, Wilke, Zesaguli, & Anderson, 2007), energy
“&JTwo_of th

(Liu & McKeough, 2005), and so o 0 eses learning progressions—the learning progressions of
energy and heredity (Liu & McKeough, O%; Roseman et al., 2006)—are sequences of scientific concepts,
principles, and theories ordered igter of increasing complexity and levels of abstraction. The other learning
progressions describe the deyelqpr@t of students’ learning performance with respect to the science topic
addressed.

We see the ultimate goal,okpap%ing progression research as promoting science teaching and learning in
schools. From a constructivist perspective, learning is a process in which students actively construct their ways
of knowing as the a?]d aeir experience with the material world and with society (Cobb, 1994). It is not a
process of knowledge agquisition. Accordingly, science teaching should focus on facilitating scientific ways of
thinking, knowing, easoning, rather than transmission of scientific facts, concepts, and theories. Therefore,
knoWe»s uence learning progressions, with their neglect of students’ thinking, would be misleading if
werg used as guidelines for science teaching. We suggest that learning progressions should address students’
learning” performance with focus on students’ specific ways of thinking, knowing, and reasoning. In this
research,\we developed a learning progression describing increasingly sophisticated ways of reasoning about
energy in‘socio-ecological systems.

Understanding Energy
Energy plays a key role in all branches of science, including biology, chemistry, and physics. Scientists
working in different research areas use energy as a conceptual tool to understand the world. Energy is also

consistently identified as a central concept in the science curriculum for K-12 schools. Energy is so important.
Then, how well do we teach energy at K-12 levels?
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Studies about Students’ Understanding of Energy
Studies about K-12 students’ understanding of energy focus on either or both of the following two aspects: the
energy concept and energy principles (i.e., energy conservation and energy degradation). Studies about the
energy concept investigate students’ alternative views of energy. Studies focusing on energy principles
investigate how students apply the two energy principles to physical and biological problems.

With respect to the energy concept, empirical research indicates that students usually have many intuitive ideas
about what energy is and their ideas are usually inconsistent, fragmented, and situated in specific contexts. For
example, students tend to associate energy only with living or moving things but not with situations when
potential energy is involved (Gilbert & Pope, 1986; Gilbert & Watts, 1983; Watts, 1983; Watts .&. Gilbert,
1983). They may use different “frameworks” to describe energy: anthropocentric, depository,“ingredient,
activity, product, functional, and flow-transfer (Watts, 1983). They may treat energy diffe;ea[ly in %rent

d

situations—energy is sometimes treated as a type of semi-matter, sometimes as sensation,{and sometimes as
phenomena (Warren, 1983). When learning biology, students tend to see energy as a t italkpower or
spirit that cause biological processes to happen (Barak, Gorodetsky, & Chipman, 1997)¢ When learning physics,
students often do not distinguish energy from two other physics concepts—force a&j po ts & Gilbert,
1983).

With respect to application of energy principles, empirical research indicates that ack the ability to
apply energy conservation and energy degradation to physical and biologi b?:m Ithough students may
ormula, i

be able to solve quantitative physics problems using energy-related f ability to use energy
principles to construct qualitative explanations is very weak. Driver and Warrington (1985) found that students
tend to rely on work definition (i.e., W = Fd), which is associated with more observable variables such as
distance and force, and they seldom use energy conservation to s roblems—counting energy input and
output. Duit (1984) found that students seldom use energy gonsefvation & make predictions about mechanics
problems. Solomon (1985) found that students tend to either neglect the-role of energy degradation or treat it as
contradictory to energy conservation. Students’ ability to apply the.two energy principles to biological contexts
is even weaker. Barak and his colleagues found, that students often construct ideas about energy that are
contradictory to the energy principles: they tend ‘toksee energy as the vital power that is not conserved; they
also tend to see heat as an available energy form f anisms (Barak et al., 1997). Lin et al. investigated the
concept maps students developed to describe the f in and found that students seldom use energy flow to
describe food chain, although they are more capalle in‘identifying matter transformation in the food chain (Lin
& Hu, 2003). Similarly, Carlsson fouglghat udents generally do not have ideas about how photosynthesis

and cellular respiration are connected ipterms of energy (Carlsson, 2002a, 2002b).

In summary, studies of students’ understanding of energy uncover many misconceptions about energy concept
and energy principles, indicatiw that, energy is not an easy tool for most students to construct their
explanations about events. However, these studies do not provide enough information about what students are
able to do. In other words, if energy“is not a conceptual tool students use to construct explanations, what are

the reasoning tools that_.stu 0 use? Studies about students’ intuitive ways of reasoning provide some
general answers about thi stion.
Studies about Students’ itive Reasoning

Students construct theirspecific ways of informal reasoning through their interactions with the outside world.

In oumveﬂdaay life, we interact with others and the media through language. The way we use
ever)aday language largely influences our reasoning about the world. English grammar is built on force-

d ic yeaso (Pinker, 2007; Talmy, 2000). Force-dynamic reasoning understands the world in terms of
then&and its enablers: the actor has internal goals and abilities for taking certain direction or for resting, but
they mayspeed enablers. For example, a tree is an actor and has the internal goal and natural ability to grow and
maintain [ife; it always needs enablers such as water, air, soil, and sunlight. This force-dynamic reasoning is
very different from scientific reasoning, which treats both the actor and the enablers as being composed of
matter and energy, and describes the interactions between the actor and the enablers in terms of matter
transformation and energy transformation.

Through direct interactions with the material world, people construct intuitive ways of reasoning,
which are useful tools for explaining one’s observations and perceptions (Chi, 2005; diSessa, 1987; Grotzer,
2004; Pozo & Crespo, 2005). Intuitive everyday reasoning is usually linear and addresses observable and
perceptual patterns. It is very different from scientific reasoning, which is usually complex and non-linear.
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Empirical studies have found in various contexts that students tend to explain processes in terms of hidden
mechanisms that describe invisible patterns isomorphic to the patterns observed at the phenomenon level.
Some examples of hidden mechanism reasoning are as follows: Grotzer and her colleagues (Grotzer & Bell,
1999) found that students hold the idea that the battery and a light bulb connected by one wire instead of in a
circuit would make the bulb light up; this explanation is built upon a consumer-source chain, which is
isomorphic to a macroscopic pattern—Dbatteries are the power sources and light bulbs are appliances consume
the power. Chi (2005) found that, based on the observation that dyed water moving from high to low
concentration, students constructed intuitive reasoning about diffusion—diffusion is caused by individual
liquid molecules’ intentional movement from high to low concentration. This reasoning about a hid

mechanism is different from scientific reasoning that explains diffusion as the result of random m&ent of
individual molecules.

These ideas about students’ intuitive ways of reasoning provide important information f@r us to d%ﬁp a
learning progression about energy. In particular, they provide interesting ideas for us tothink#aboutiimportant
issues of learning progression development: 1) Since many students, especially youfiger stud
less science background, do not use energy to explain events, what are the reasgning f ger students
use to make accounts? What are their intuitive reasoning patterns with respec?u{b nergy? 2) Do students
develop precursors of energy at certain stages? How does the energy precursof differ fromsthe scientific notion

of energy? Q k

Research Framework

Structure of the Learning Progression

Our goal was to develop a learning progression that describes the easimgly sophisticated ways of reasoning
about energy in socio-ecological systems. We used the gengral strugture of learning progressions that was
developed in the Environmental Literacy Research Project (Tabley

Table 1. Learning:Progression Framework

Levels of Achievement Progress Variable
Variable 1 Variable 2 Variable 3
Upper Anchor ; .
Intermediate Levels Learning perfermances
Lower Anchor 3{

The learning progression contaifs tvNarameters—progress variables and levels of achievement. Progress
variables are aspects of studepntssoverall performance that differ for students at different levels of achievement.
Students’ learning performar%alo g'each progress variable can be ordered into different levels in terms of the
scientific proficiency. Théy ar et)e]ls of achievement. They can be organized into three parts: the upper anchor,
as the goal of science h@g describes scientific model-based reasoning about energy; the lower anchor is
defined by young d informal reasoning and knowledge as they enter the age range that we focus on
(upper elementary%ye current study); the intermediate levels reflect the intersection of school science and
students’ infofmal ning and knowledge.

UpperAnchor of the Learning Progression

Basq og ideas from environmental research and big ideas from disciplinary knowledge, we developed the
upper ‘@nchor of the learning progression—scientific reasoning of carbon-transforming processes in socio-
ecologicabsystems. It is represented as the Loop Diagram (Figure 1).

Figure 1. Loop Diagram—Energy as constraints on carbon-transforming processes

Feedback Arrow: Energy consumption activities emits
carbon dioxide into the atmosphere

Human Socio- Atmosphere
economical Systems
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The Loop Diagram highlights using energy conservation and degradation to constrain carbon-transforming

processes across three scales—macroscopic, atomic-molecular, and global scales. In our everyday life, a

variety of socio-ecological events are related to global warming. The events in the blue boxes are some

examples. These events are explained in terms of three classes of biogeochemical processes at the atomic-

molecular scales:

e Harnessing Energy: Photosynthesis explains the event of plant growth. In photosynthesis, light energy
transforms into chemical potential energy, making energy available to biological and socio-economical

systems on a global scale.

e Passing on Energy: Digestion and biosynthesis explain the event of animal growth. In the&ocesses,
organic compounds change from one form to another, losing some energy as heat but kegping moNu;rgy
as chemical potential energy.

o Energy dissipating: Cellular respiration and combustion explain a variety of eventy related to energy
consumption. These events include animal moving, animal breathing, weight loss) ody decaying,
using electric appliances, driving vehicles, and burning fossil fuels. In cellulafirespiration and combustion,
the chemical potential energy contained in the organic compounds is reledsed and heat is also
released as byproduct; finally all energy transforms into waste heat. e same time; organic compounds
are oxidized into carbon dioxide and water. g - &

The atomic-molecular processes collectively lead to two global scale processess.carbon cycling among human
socio-economical systems, the biosphere, and the atmosphere; energy flow from the biosphere to human socio-
economical systems with heat dissipation. Human socio-economical agtivities largely rely on energy sources—
foods and fuels—from biosphere. We constantly use the chqnicab@ ored in foods and fuels to do work
and transform the chemical energy into waste heat. At the same ime, carbon dioxide is emitted into the
atmosphere, causing global climate change over time. “Twe points need to be noted about energy
transformation: energy always conserves separately from matter; emergy always conserves with degradation.

Therefore, the work of developing a learning progression framework for energy contains two tasks: identifying

the progress variables that are effective in meg students’ understanding about energy and socio-

(

ecological systems; developing the lower ancho termediate levels for each progress variable. We
conducted both written assessments and i iews=We designed written assessments and an interview
protocol to elicit students’ accounts about socio‘ecdlogical events. We examined students’ accounts and found
patterns of the their learning performanges, baM] which, we identified progress variables and developed the
lower anchor and intermediate levels of edgh progress variable.

P f Q’ Method

We adopted the princip&o%;?w research, which contains iterative cycles of design and implementation,
using each implementation_as an opportunity to collect data to inform subsequent design (Cobb, Confrey,
diSessa, Lehrer, & Sc lg, 2003; Collins, Joseph, & Bielaczyc, 2004; Edelson, 2002). Altogether, we
conducted five cyére})f réSearch that lasted for six years. The findings reported in this paper are based on two
sets of data: t%w@ata from year 2007-08 and the interview data from 2008-09.

The Eﬁargh ontained iterative cycles and each cycle contained three stages:

., esngn/re%&gn the assessment items and interview protocols: We started with the initial written

sment”items and interview protocols. As we were analyzing data and developing the learning
proggession, specific problems often emerged. These problems guided our work on revising and refining
assessments, which were used in the following research cycle.

e Implement assessments and collect data: We implemented the assessments with students and collected
data. In the last iterative cycle, a teaching experiment was conducted and pre-interviews and post-
interviews were implemented before and after the teaching intervention.

e Analyze data and develop the learning progression: We examined students’ responses from written
assessments and interviews and identified possible progress variables. Then we grouped students’
responses by the same characteristics and ordered the groups in terms of their underlying science value.
Based on this work, we developed and revised the achievement levels of the learning progression.
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Participants

Findings reported in this paper are based on written assessment data and interview data collected from the
2008-09 research cycle. We conducted teaching experiments. The participants were students from upper
elementary to high schools located in suburban and rural areas. Interviews and written assessments were
conducted before and after the teaching intervention. Altogether we collected 527 pre-assessments (91
elementary school assessments; 214 middle school assessments; and 222 high school assessments) and 543
post-test papers (125 elementary school assessments; 211 middle school assessments; 207 high school
assessments). Among the participants, eight students from each school level also attended pre-interviews and
post-interviews. To be noted is that our intention was not to evaluate the effectiveness of the-teaching
experiment, but to collect students’ reasoning patterns, and as many as possible.

Assessments
As shown in the Loop Diagram, the learning goal for students is to use scientific reasoning @bout ene»use

energy conservation and energy degradation to constrain processes at atomic- molecul pic, and
global scales—to account for socio-ecological events. In the earlier research cycles, we us d d d written
assessments and clinical interviews to elicit students’ understanding of energy as it elat io-ecological

events. However, we encountered the assessment dilemma. In the earlier rese
questions to investigate how students understand energy as it relates to the cafbon-t
found that although questions about energy and atomic-molecular/glob e ‘processes worked well with
high school students, they were not understood by younger students. Data rlier cycles of research
indicate that younger students might rely on force-dynamic reasoning, which explains socio-ecological events
in terms of actors, enablers, and result.

e Actors: Actors have internal goals and abilities/tendencies t%ﬁtain actions. Living actors such as

ty

s, we designed
ing processes. We

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

e Enablers: Although actors have the ability toftake,certain actions, they need enablers to make changes
happen. Each actor needs it own particular_gnak or example, people always need air, water, and food
to stay alive. Without them, people will Ssuffocate, dehydrate, or starve and finally die. Similarly, plants
need sunlight, water, soil, and air, flapnes heed fuel, heat, and air, and so forth.

e Results: The actor uses enablers f rtain actions or changes towards its natural tendency. This action, or
change in general, causes the g[s—the living or moving actor fulfills its goal or the dead actor

deteriorates.

Scientific accounts share this gen‘eraga ework, but with the meanings of each part substantially altered. First,
some “enablers” addressed i namic accounts are energy sources. For example, sunlight is the energy
source for plant grovvthAfo e energy source for baby growth; gasoline is the energy source for car
running. However, scie ccounts and force-dynamic accounts rely on totally different ways of reasoning
to explain why th m energy sources are needed and how they are used. Second, both force-dynamic
accounts and sciéntificjaccounts explain changes happening to the actor and its enablers. While scientific
accounts idenfify *&{y transformation in chemical processes at the atomic-molecular scale, force-dynamic
acccym tengj{focus on observable and perceptual changes. Third, both force-dynamic accounts and

ific’accoupts explain the connections among socio-ecological events. While scientific accounts explain
the confiections in terms of energy transformation at the global scale, force-dynamic accounts may only focus
on obviouspatterns or may not identify the connections.
In summary, scientific reasoning and force-dynamic reasoning share a general framework of reasoning, which
contains three elements: identify enablers or energy source(s), explain individual macroscopic socio-ecological
events, and explain the connections among the socio-ecological events. Hence, to solve the assessment
dilemma, we constructed both interview and written assessment questions around this shared framework to
elicit either the element of scientific reasoning—energy—or the elements of force-dynamic reasoning—actor,
enablers, and results. We designed questions at different difficulty levels. To ask the questions, we used item
pairs in the written assessment and the branching-structure interview.
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Written Assessment

The written assessment contains questions at two difficulty levels. The lower-level questions use everyday
language to ask about actors, enablers, and macroscopic connections. They do not require students to reason
about energy at either atomic-molecular scale or global scale. Students with little science background should
be able to understand the lower-level questions and provide accounts that indicating their informal ways of
reasoning. Although the lower-level questions allow more advanced students to reason about energy at atomic-
molecular or global scale, they do not require students to provide detailed accounts. The higher-level questions
examine to what extend students identify energy sources and to what extend students trace engrgy at the
atomic-molecular or global scale. IQ

In the written assessments, the elementary school assessments only contain lower-level items. ‘High,school
assessments contain mostly higher-level items. Middle school assessments are the combination of bc?'hﬁver-
level and higher-level items. During the earlier cycles of research, most assessment item
items. These items have been continuously revised and refined with feedback from data a
assessments used in the final research cycle contain item pairs—both items in the pal
macroscopic event, but the elementary/middle school item uses everyday lan

accounts, while the high school item is designed to elicit accounts about scdle, m
these item pairs are open-ended items. Others are two-tier multiple-choicesi W
then explains. i\ﬂ

An example of open-ended item pair—"“Grape/Food and finger movement”—is represented below. The higher-
level item asks how a glucose molecule changes to help body movement and whether the same glucose
molecule provides heat to keep body temperature. Sophisticated lanation should trace energy in cellular
respiration. The lower-level item—food and finger movement— a&‘t a similar event, but uses informal
language that can be understood by younger students. %,

icit lower-level
5 energy. Some of
e the student chooses,

Higher-level Item: Grape and FinkMovement

The grape you eat cal your ilttle finger.

a. Please describe h L mcL)#ecuIe fromthe _ . F i energy to move your little
finger. Tell as much as yuu van aveue any biological and chemical processes involved in this event.
b. Do you think the SA a& molecule can also help you to maintain your body temperature,
when it is used to provide energy to move your finger? Please explain your answer.

_n, er-level Item: Food and Finger Movement

How/dwou ink ﬂ

Cli’Nntervi W
4

The interview protocol contains questions at three difficulty levels—Ilower-level questions, transition questions,
and higher-level questions. The questions are constructed around seven macroscopic socio-ecological events—
tree growth, baby girl growth, girl running, dead tree decaying, flame burning, car running, lamp lighting.
These events cover the key atomic-molecular carbon transforming processes (i.e., photosynthesis, biosynthesis
& digestion, cellular respiration, and combustion). The interview begins with questions about each individual
event and then asks about the connections among the individual events.

For each individual event, the interview begins with lower-level guestions, then shifts to transition questions,
and finally asks higher-level questions. The lower-level questions use everyday language to ask about actors,
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enablers, and results. Transition questions ask about changes happen to the energy or matter in general. Higher-
level questions ask about energy transformation in chemical changes or at the global scale. When students’
responses to the lower-level questions and transition questions indicate some understanding of energy, follow-
up higher-level questions will be asked. The types of questions asked in interviews are listed in the table below.

Table 2 Types of Questions asked in interviews

Questions at three difficulty levels

Identify Lower-level Questions ask students to list enablers and compare the functions of the enablers.
enablers or | Examples: What does the tree need in order to grow? Do you think that they the tree to
energy sources | grow in the same way or in different ways? Why? Can flame burn on sand? Why?

Transition Questions ask students to distinguish energy enablers from’ other ermts in
general. Examples: Does the flame use it for energy? Why? Do you thl* can burn
on sand? Why?

Questions that ask students to identify energy sources at atomi@ole e. Examples:
What are the energy sources for plant growth? Why?
Explain Lower-level Questions ask about how the actor uses enabler§and s. Examples: How
individual does sunlight help the tree to grow? The girl loses weiw s& a lot. Where does the
macroscopic lost weight go?
events Transition Questions ask about changes happening to the acter.,and enablers. Examples: Do

you think water will change when it is used by the tree (or, inside the tree’s body)? Do you
think the flame uses air for energy? Why? Where the energy of car running come from?
Where does the light energy go? Why? & %

Higher-level Questions ask about matteg transfermation and energy transformation.
Examples: Do you think heat is created in cow}stion or is it changed from other forms of
energy in combustion?

Explain the | Lower-level Questions ask about.the connection among the events in general. Examples:
connections How are these events connected

among the | Higher-level Questions ask stud explain the connection in terms of energy. Examples:
individual How are these events connécted in an ecosystem? Do you think that energy is also changing
macroscopic when carbon is moving? </

events 5%

Data Analysis x

Data analysis contains two steps. he first step, we used qualitative data analysis to develop the learning
progression. We analyze the(d ccount units. The interview contains seven individual socio-ecological
events and the connections o Jvents Accordingly, we divided each student’s interview into eight account
units. For each unit, wi ed students’ responses according to the characteristics of performance reflected
in the responses. T, ered these reasoning patterns in terms of the sophistication and scientific values.
In the written assgs ents each item is one account unit. With respect to each item, we randomly chose 10
responses froPeach.sehool level for data analysis. We used the same approach to group and order students’
responses ai;ed on the analysis of written and interview data, we developed the levels of achievement of the

te

Iear ng prog

At szond p, we used the learning progression framework as the guideline to develop detailed coding
rubrics—the exemplar workbooks. The interview exemplar workbook contains eight exemplar worksheets
(seven socio-ecological events and the connections among the events). The written exemplar worksheets
contain exemplar worksheets for all written items. The exemplar worksheets have detailed level descriptions
and exemplar responses selected from written assessment data. Nine coders from the project used the exemplar
workbooks to code all interview and written assessment data. Reliability check was also conducted. We used
the coding results to generate graphs that represent the distribution of students’ responses along the learning
progression.
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Findings

In this part, we first report on the three stages of the research. Then, we represent the final learning progression
for energy in socio-ecological systems. Finally, we report on the distribution graphs that represent students’
development of Naming, Association, and Explaining performances.

Three Stages of Research

During the iterative research cycles, we continuously revised the learning progression framework according
the problems identified in data analysis. Altogether, the learning progression framework underwent significant

revisions at three stages of the research:

Stage 1 Science-based progress variable—energy /(

Stage 2 Performance-based progress variables—Naming and Explaining

Stage 3 Reconsider energy as progress variable \‘

At stage one, we used the science element—energy—as the progress variable to an a.3The data
analysis focuses on students’ understanding of energy. The learning progression framework ge one is
represented below. It was used as the guideline to develop detailed rubrics for C{ding i iew and written

assessment data.

A
Table 3 The Learning Progression Framework at Stage One :

Levels of Achievement Progress Variable: Energy
Upper Anchor Level 4. Accounts that successfully explain energy transformation
in carbon-transforming process
Intermediate Levels Level 3. Accountssabodtichanges involving energy forms;

Use energy principlés unsuecessfully
Level 2. Force-dy)‘rfnic accounts with  hidden
mechanisms

Lower Anchor Level 1.
involve e

However, this learning progression framewgrk jin es both conceptual problem and empirical problem.
Conceptually, the learning progression fra ork uses energy as progress variable to measure students’
t

oscopic force-dynamic accounts that do not

learning performances, but the lower | Level 1 and Level 2) are not about energy. They are about force-
dynamic reasoning. In other words, Science-based progress variable—energy—is not effective in
measuring lower-level reasoning, Empirically, the correlation between them was 0.96 (Choi, Lee, & Draney,
2009), indicating that the separate $crih for matter and energy were largely redundant. These two problems
were solved at stage 2 whenj{weAised’'the performance-based progress variables—Naming and Explaining—to
develop the learning progggs% mework.

At stage 2, we conduqte?cross—culture interview study in US and China. We found that although some
students, especially.Chinese.students, may name scientific terms and recite scientific statements, they rely on
relatively lower-level reasoning to make accounts. This finding led us to reconsider our progress variables.
Rather than treating.the highly correlated scientific elements of accounts—matter and energy—as progress
variables, w%began to explore rubrics that focused on performance elements of accounts, which we labeled

ining (Jin, Zhan, & Anderson, Submitted). The Explaining progress variable describes the
natur the explanations students gave. It is about the specific ways of reasoning students use to make
accounts\The Naming progress variable refers to the performance of verbatim reproduction of vocabulary—
how studénts used both informal and scientific vocabulary in accounts.

However, both performance-based progress variables and science-based progress variables have advantages
and disadvantages. On one hand, the performance-based progress variables—Naming and Explaining—have
enabled us to find important patterns with respect to American and Chinese students’ different performances,
but they tend to describe performances in ways that lose track of science. In other words, the Naming and
Explaining progress variables can be used to measure students’ learning performances with respect to any
science topic. They are not specific about energy. On the other hand, although energy is an important concept
in physics and everyday life, it cannot be used as progress variable to measure younger students’ informal

© 2010 Environmental Literacy Research Project



Learning Progression for Energy 10

reasoning. There is the dilemma of choosing between the performance-based progress variables and the
science-based progress variables.

At stage three, our focus is to solve this progress variable dilemma. Instead of choosing between the science-
based and performance-based progress variables, we tried to identify progress variables that are both science-
based and performance-based. To identify the progress variables, we studied the historical development of the
energy concept. The word energy derives from the Greek word “energeia”. Aristotle first developed the word
“energeia” to mean “being-at-work”, the opposite of “being-at-end”. In this reasoning, energy only exists in
situations involving movement or activities. When objects or organisms are in the status of “being-at-end”—
being dead or being at rest—energy disappears. This meaning of “being-at-work” has been bujilt.into our
everyday informal reasoning. For example, we often say: “I have a lot of energy to start my work™®*Fresh air
gives me energy.” “I’m so tired. | ran out all of my energy.” In our everyday life, energy isssomething that
powers the processes; it is used up and always needs to be replenished; we can either(gain ene?g&ﬁom
enablers or create energy through eating, sleeping, breathing, etc. =y,
This Aristotelian notion of energy is very different from the scientific meaning 4f energy

ribed by

Feynman. In his book The Feynman Lectures on Physics, Feynman explains\y_vkhat is (Feynman,
Leighton, & Sands, 1989):
The law is called the conservation of energy. It says that there is a ceftain which we

call energy that does not change in the manifold changes whichwem oes. That is a
most abstract idea, because it is a mathematical principle; it says that is a numerical
quantity, which does not change when something happens. It is not, a description of a
mechanism, or anything concrete; it is just a strange fact that we can calculate some number
and when we finish watching nature go through her tricks calculate the number again, it
is the same. P @x

According to Feynman, energy is an important and useful coneept, because we can trace energy through events
of all kinds. Whenever changes happen, energy is always trans ed from one form to other forms and the
total amount of energy does not change. This is the content of the first law of thermodynamics—energy
conservation. Another important aspect of energy issdescribed as the second law of thermodynamics—energy
degradation. According to energy degradation, iever changes happen, the useful amount of energy
decreases, part of the energy is always transformed vaste heat and dissipates into the environment. So, the
total amount of energy keeps the same, but/tﬁ}use | energy decreases. In brief, in science, energy is an
abstract quantity that is always conser\%nd raded.

If we compare Aristotelian notion of gnergy, which represent our informal reasoning about energy, with the
scientific meaning of energy, we can fin tha\t the differences exist in two aspects of learning performances.
First, while Aristotle associated eqerg ith many aspects of events such as activities, spirit, power, emotion,
and so on, the scientific reasoning of energy is only associated with limited energy indicators such as motion,
light, electricity, foods, fuels{ warmth; and so on. Second, while Aristotelian energy only exists when things are
“being at work” and disappe en things are “being-at-end” such as being dead or stopping moving, the
scientific reasoning highli tracing energy across processes—whenever changes happen, the total amount of
energy conserves thEeJ@unt of useful energy decreases due to heat dissipation. Based on this analysis, we
used Association and/Tracing as Explaining progress variables to measure students’ understanding.

In general, th& IeWg progression framework underwent many revisions during the five-year iterative
rese proeess. At the beginning, we chose the science element—energy—as progress variable, but found
thatienergy ca be used as progress variable to measure younger students’ understanding. Then we shifted
to ;&mance—based progress variables—Naming and Explaining, which enabled us to compare American
students™agcounts with Chinese students’ accounts. However, the performance-based progress variables tend
to describe learning performances in ways that lose track of science. In such situation, we reconsider energy as
progress variable and identified Association and Tracing as progress variables that are both science-based and
performance-based.

Final Learning Progression Framework

Therefore, the final learning progression for energy in socio-ecological systems contains three progress
variables: one Naming progress variable and two Explaining progress variables (Association and Tracing). It is
represented in the Table 4. Naming progress variable is about the performance of verbatim reproduction of
vocabulary—the words students use to construct their accounts. Explaining progress variables describe the
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reasoning patterns students use to make accounts. We found that students’ accounts at different sophistication

levels were built on different “entities”. While younger students’ accounts are mostly built upon “natural

ability” and “vital power”, more advanced students are able to use “energy” to make accounts. With respect to

each entity, students’ accounts indicate patterns of two dimensions of learning performance—Association and

Tracing. They are two Explaining progress variables:

e Association: Do students associate the entity (i.e., natural ability, vital power, or energy) with different
things? What are those things?

e Tracing: Do students trace the entity backward and forward? How? If they do not trace the entity, do they
trace anything else? What do they trace? ((

)

)
AP 3

4

e
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Table 4. The Learning Progression Framework for Energy and Causal Reasoning in Socio-ecological Systems
_37

12

¢

Explaining

Association

Tracing

‘\Oammg

Energy
Associate energy with energy indicators

Trace energy at atomic-molecular and global
scales successfully

Sci ntlf ;t

% consistently; Trace energy with degradation and separately ; rm&@gy involved in the chemical change; heat as
& | Identify energy sources consistently; from  matter in  carbon-transforming | 3 nfiguration of atoms (C-C and C-H bonds) as
—! | Energy distinguished from matter and | processes across scales. - w%y bonds
from other enablers such as conditions
Energy Trace energy at atomic-molecular and global Scientific words of organic molecules, energy forms, and
Associate energy with energy indicators | scales unsuccessfully: chemical change
including unobvious indicators such as | Trace energy without degradation ip large \rOrganic molecules: glucose, C6H1206, monosaccharide,
familiar organic molecules, but may | scale systems (e.g., energy recycles). A, % glycogen, lipid, ATP, ADP, carbohydrate, hydrocarbon, octane;
o | identify other substances as energy | Trace energy and matter but with confusi & | Energy forms: light energy, kinetic energy, electrical energy,
‘s | sources or do not distinguish energy | about labels (e.g., ATP |s energy) and —! | chemical energy, heat energy
9 | and organic molecules. matter-energy conversions %e.g., glucose is Chemical reactions: cellular respiration, combustion, oxidation,
converted into Kinetic energy light reaction, dark reaction
Describe energy transform otrectly but Easier scientific words
cannot connect that t te “énsformation Organic materials: Fat, sugar, starch, organic matter, carbon,
in chemical reaction 4,/ © | molecule, atom
Vital power: Trace the po esul aln in uphill and % Energy: stored energy, motion energy
Recognize that actors cannot create | downhill events @ | Process: photosynthesis, decomposition/decomposer, chemical
vital power and that they must gain | Trace powerienergy backwards but not | = | reaction/change
vital power from enablers forward Others: chloroplast
Recognize that enablers contain vital Actor"gai% vital power/energy through _ -
% power (the notion of vital power is | hiddep/processes Hidden mechanism words ] ) o
= | indicated in a list of words that students |Vital r triggers hidden processes | Materials: carbon dioxide, oxygen, nutrients, mineral, vitamin,
— | use such as energy, vitamin, nutrients, JwACtOr losing vital power through hidden | | chemicals. o
combustible, etc.) pip%sses § Energy: ca_lorle_s, ele(_:tr|C|ty_ _
Associate  energy  with obv%‘. Can trace “energy” through food chains Process: digestion, digest, digestive system, break down
indicators, but also hold the ideftha Others: bacteria, fungi, micro organisms, cell, power plants
enablers are energy Smsl 1 Easier hidden mechanism words

X

4
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Level 1

Natural Ability:
Associate natural ability with elements | uphill and downhill events:
of events such as actors, enablers, | The actor uses its enablers to take action. As

settings, aspects of processes, and so | the result, it reaches its goals to keep alive, to
on.

Trace the macroscopic action-result chain in

grow, to keep burning, and so on.

Actor: organs (e.g., lu
(e.g., engine, cylin
Enabler: fuels (e.

omach, heart, etc.), machine parts
material
iesel, oil, coal, petroleum), heat

When the actor loses its natural ability or
loses enablers, it changes towards the
downhill direction.

Do not trace any scientific entities behind the
action-result chain.  Actors and settings
endure over time, but not materials (in
chemical changes) or energy.

Level 1

bugswi

Words aboutac ertablers, and results

Actor:ﬁgdy p@ leaves, roots, leg, etc.)

Enabler: , aifsunlight, food (e.g., food, milk, bread, etc.),
. ligtiter, etc.

, healthy, grow, run, warm, etc.

4
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Overall, there are four achievement levels for the Explaining progress variables. The achievement levels are
described as below.

Level 1. Natural Ability as naturalistic and psychological entity

At level 1, the socio-ecological events are treated as uphill and downhill events. Events involving growing,
living, moving, and burning indicate changes toward the upward direction. They are treated as uphill events.
For example, plant growth, people growth, people running, flame burning, and car running are all uphill events.
Events such as apple rotting and tree decaying indicate changes toward downward direction and arestreated as
downhill events. Although the specific explanations about how and why the uphill events and downhill events
happen are different, they are all built upon the same entity—natural ability. Natural ability is asnaturalistic and
psychological entity, which is loosely associated with elements of events such as actors, engblers, and setting.
It is also a temporal entity that only appears as the elements of events present. The Q reasoning is
represented in the diagram below.

With respect to the performance of Association, Level 1 accounts indicate a broadﬁs ciation. They associate
natural ability loosely with the elements and aspects of the event. The natural 4bilit ssociated with the

e Broad association: Associate natural ability
with elements of events/(i.e., actors, enablers,

and settin
e Only use?&ct tracing: Trace the
mgcroscopc ction-result chain. Do not

trace\tbse/ntity of natural ability.

Elements of Events:

Actors
Result:
( > Actor reaches its goal;
Enabler \ O Changes happen
)

A
Setting Q :)
DN

actor: the act?;r. hM natural ability to change towards the uphill direction such as growing, moving, and
bum&@.‘lt’ca%&associated with the enablers: the actor always needs to use certain enablers to make changes
to ] n; certain enablers are useful for the actor because they have certain natural abilities. It can be
associ with the setting: the actor only lives in certain settings because naturally the setting can provide
desirable gonditions for the actor. It can also be associated with different aspects of the events such as activities,
motions, emotions, feelings, and so on.
Below is an excerpt from an interview with a 4t grader.
Pre-interview (4™ grader)
Event: Baby Girl Growth
Interviewer: Do you think the girl’s body uses the food for energy?
Watson: Yes.
Interviewer: Do you know how?
Watson: Because the food helps make energy for the girl so then she can like learn how to walk and
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crawl and stuff. And it will also help the baby so it will be happy, be not mean and stuff.

Interviewer: Yes, ok. Let’s talk about the next one. You said sleep, right? So say a little bit about that.
How is it related to growth?

Watson: Because it will make it somehow so you’ll grow. Because that way you will get more
energy so you can like run and jump, and jump rope and walk and play. And that’s it.

Interviewer: Does the baby’s body need sleeping for energy?

Watson: Yes. Because then it will be happy and it won’t cry. And it will be able to play and make it
so it will eat and stuff.

Interviewer: What do you think is energy? What energy is like?

Watson: | think energy is like, it helps it grow and it helps it so it won’t be crabby, like When'ﬁget

mad.
In the interview, Watson used the word energy to answer questions. However, “energy” used in his @mts
ioh:
ak

actually indicates a notion of “natural ability”. “Energy” is associated with food, sleep, a Watson

claimed that the girl gained energy from food and through sleep and explained that enérgy baby girl
“happy”. When the researcher asked Watson to explain his understanding of energ¥,\he s@mk energy is
like, it helps it grow and it helps it so it won’t be crabby, like when you get mad”.

With respect to Tracing, students relying on Level 1 reasoning do not trace“iher ural ability comes
from and where it goes. Instead, they trace the cause-effect relation, or, in r he action-result chain.
Students relying on the “natural ability” reasoning provide similar explanation uphill events, downhill

events, and connection among events.

The interview excerpt with Watson is about baby girl growth, which is an uphill event. Watson’s responses
indicate that he is tracing a macroscopic action-result chain: The b, irl uses its enablers and takes certain
actions—she eats food and has enough sleep—and the resultzof thé tkee’s gctions is growth.

According to the natural ability reasoning, the uphill events are causegr by the actor’s actions, while downhill
events such as decay are caused by lack of actions. Tree decay a ple rotting are two examples of downbhill
events. In these events, decay is treated as the natural tendency that happens when the actor—the organism—
gets old or dead and cannot take actions, or when the,actor loses its enablers or living necessities. For example,
some students explain that decay happens when the"apple “loses moisture” or is not kept in the “cold fridges”.
Some Level 1 accounts also state that decay happens when the opponents (e.g., bugs, birds, bacteria, or fungi)
“eat” or “overcome” the actors. Below is an ﬁﬁé\/je V excerpts about tree decay. Amy mentioned bacteria as
one cause of decay, but her explanati;ns;of Iw'/:lpacteria cause decay—bacteria eat the dead body—indicate

that bacteria are treated as the actor th i|iZ%S the apple for living.

retinterview (4th grader)

A X Tree Decay

Interviewer: So what do you think is the cause of the decay?

Amy: Bacteria or like when you get old your body slows down and you don’t have as much energy

as you did before when &ere a kid. So you just slow down and you can’t really build that much

muscle. Your heart i er really pumping and beating that it’s supposed to be so. You just die.

Interviewer: om bacteria cause the decay?

Amy: Bacteria it eats at it kind of and tries to get all of the nutrients and stuff and it helps it die and

decay. /®
Witryegoect the connections among events, Level 1 accounts generally focus on the macroscopic similarity,
différences, or eerinections among events and do not trace any entity. For example, in the written assessments,
we a students how the following three things are related: a person plugs in an air conditioner in the US,
trees grow.in Amazon forest, and ice in the Arctic Ocean melts. Accounts at Level 1 usually identify the
macroscopic similarities or relations among the events. For example, the two responses below explain that the
three events all “give cool air” or “take time or money”.

How are the three things related: a person plugs in an air conditioner in the US, trees grow in

Amazon forest, and ice in the Arctic Ocean melts.

Response 1: They all give cool air or something like that.

Response 2: They take time or money people don't use AC anymore they have it built in. Trees take

years to grow, ice also takes time to melt.
In brief, accounts at Level 1 are constructed around the notion of natural ability. Natural ability is a naturalistic,
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psychological, and temporal entity. First, it indicates the naturalistic reasoning: actors, enablers, opponents, and
settings have their natural abilities due to natural endowment. Since the abilities are naturally endowed, any
inquiry about the invisible structure or properties of actors or enablers becomes unnecessary. Second, natural
ability is also a psychological entity, since it is often associated with psychological state such as feelings, belief,
and desire. Finally, natural ability is a temporal entity, since it only exists when actors, enablers, and setting
present and does not endure after the events.

Level 2 Vital power as a mechanical entity

Accounts at Level 2 explain the uphill and downhill events in terms of vital power—the actor gain@ll power
from its enablers and the vital power triggers certain changes. Students rely on Level 2 reasening many
words to mean vital power. Some examples are: “nutrients”, “energy”, “chemicals”, “vitamin”, and “caloefie”.
Unlike the naturalistic, psychological, and temporal notion of natural ability, vital power.is.a anical entity
that is associated with mechanical properties or hidden structures of actors and enablérs and exi efore the

events. However it although it does not endure when the events are over. The\cgljagr shows this

reasoning pattern. <
o First igns \errgy specific
associat’%A&i e vital power with
physical and\ biological properties and
structure of emablers such as nutrients,

Elements of Events: L f&: r, vitamin, foods, fuels and energy.
[ )

aliracing: Trace power-result chain
. (trace vital power backward not forward)

Actors y

Vital Power of ,\'

Enablers Vital power of ReSIH: respect to the

Enablers Asépfornigagbes its  of

As88&tation, tieN#MRSn of

A vital "FRRREP indicates two

o~ aspects of progress. First, while

Setting natural ability is associated with all

elements of events jact&, enablers, opponents, and settings) in terms of
naturalistic plausibili ital power is restricted to enablers. This indicates
that students recoghi %t@he actors cannot create power and the power only

comes from enablers<For example, while Level 1 accounts often claim that people can gain energy by sleeping
and doing exmisuany Level 2 accounts claim that actions such as sleeping or doing exercises do not
providesenergy. Second, the notion of vital power also indicates that students begin to pay attention to hidden
me anisms.&notion of natural ability is associated with macroscopic perceptions, observations, desires,
and ings. Vital power is associated with “hidden characteristics” of the enablers such as the physical,
mechanical, or biological structure or properties. For example, we asked students why people use gasoline
instead of water to run cars. Level 2 accounts explain the reason as the following: gasoline contains or is made
of “fuel”, “chemicals”, or “fumes”; gasoline is “flammable” but water is not. These responses indicate a
mechanical notion of vital power—the gasoline can power the car because of its physical/chemical properties
or composition.

However, the notion of vital power is still very different from the scientific concept of energy with respect to
the performance of Association. First, the notion of vital power does not distinguish energy enablers from
enablers that do not provide energy. Usually, everything the actor takes in is treated as the power source or
energy source. For example, many accounts state that because people need food, water, and nutrients, these
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things are all energy sources for people. Second, the notion of vital power does not distinguish matter and
energy in general. For example, in students’ accounts, “nutrients”, “vitamin”, “water”, “foods”, and “gasoline”
can all be energy.
Below is an interview excerpt with a g grader. Richard stated that the baby girl needed energy to grow and the
energy comes from things the baby girl takes in—"nutrients, carbons, and other things that are consumed”. He
recognized that the baby girl’s body did not create energy, but held the idea that everything the baby girl took
in provided energy. Richard’s accounts indicate the first sign of energy specific association—vital power is
associated and restricted to enablers, although there is no distinction between energy enablers and other things.
Pre-interview (9™ Grader)
Baby Girl Growth

Interviewer: Okay. The baby gets heavy as she grows. Right? How does that happen?

Richard: Well as with the tree, although it’s quite a different process, the nutrients, carbons

other things that are consumed slowly build up, and energy is created from them. [Thg elps

produce more cells and makes things expand and I guess | think that’s it.

Interviewer: Do you think baby growth requires energy?

Richard: It does require energy.

Interviewer: To grow?

Richard: Yes. Energy is needed for anything to grow really for any Iu%th& row because like

as | said before, the energy is used to build up on cells.
With respect to the Tracing performance, Level 2 accounts show initial tracing.\Lhey begin to trace the entity
of vital power backward but not forward. Usually, the uphill events are described as the processes of the actor
gaining vital power and using vital power to make changes to happefi.-vAlthough Level 2 accounts do not trace
vital power forward, they do trace things. Instead of tracing Whémhe ital power goes, students relying on
Level 2 reasoning trace a power-result chain—the vital power triggers certain hidden processes and causes
certain results to happen. Some examples of students respo are: sunlight helps plants to grow by
“triggering” the life processes such as “getting nutrients from soil”; Foods contain nutrients that “power the
process of breathing”; Energy from food “powers running”. According to this reasoning, as long as the vital
power causes changes to happen, it is not necessar orry about where it goes. Therefore, when being asked
where the vital power (i.e., energy, nutrients, calo .) goes, many students did not have clear ideas and
provided responses based on guessing. Somefexamples of responses are: when the car stopped, “the energy of
gasoline went back and was stored in t%gl@y)attery” energy of foods is used to power running and after

that the “energy goes into all parts of our:body so that way we can think and walk and move our body”.
Below is an interview excerpt, in which the.student used Level 2 reasoning to account for the uphill event—
tree growth. The interviewer asked R| rd to explain what happens to oxygen when the girl’s body uses it for

running. Richard explained: ‘pxyg sed as energy. So when energy is used up when running, the energy is
lost and oxygen, on the ot ecomes carbon dioxide or changes into it.” Richard’s explanation is
constructed around the netio |tal power. He traced the vital power back to the enablers—energy comes

from the enabler oxygeén did not trace energy forward—energy is used up and oxygen becomes carbon
dioxide when losi

Pre-Interview (9" Grader)

Tree Growth
Inte }Jer Basically, do you think that those things, the food, the water, and oxygen, are
d up or changing into something else?

uzhard Well, oxygen is both used up and changed I think. Oxygen is not used up.
Interviewer: By used up, you mean it just disappears?
Richard: Oh it doesn’t disappear.
Interviewer: It’s consumed and disappears?
Richard: Well it doesn’t disappear. The lungs, as they take in oxygen, oxygen is carried
around the body. Oxygen is used as energy. So when energy is used up when running, the
energy is lost and oxygen, on the other hand, becomes carbon dioxide or changes into it. So
it’s not ... it doesn’t vanish. It just changes into something else. The carbon dioxide becomes
0Xygen again once it enters a plant.
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At Level 2, downhill events are treated as the result of the actor losing vital power (e.g., vital power evaporates
into air or goes into soil, usually accompanied with matter) or the opponents gaining vital power from the dead
body. In written assessments, we asked students to explain whether and how energy was involved in the events
of tree decay and apple rotting. Below are some examples of responses: “for the tree to decay, it involves
bacteria and decomposers, which use energy to decompose it and get energy from the tree itself”; “energy is
used by other organisms to process decomposition. However, they receive energy in return from the nutrients
gained in the process, so the benefit (energy gained) can cancel out the energy used”; “energy is involved in
apple rotting, because the rotting apple is an energy for soil or micro-organisms”. In the interview. excerpt
below, the interviewer asked Dave to explain where the energy initially contained in the dead tr&nt. Dave
explained: “it changes into something else like it will change into soil or yeah a different miperals and, stuff”.
According to Dave, the vital power goes into soil with the matter. n\
Pre-interview (9" grader)

Tree Decay . D)

Interviewer: What happens to the energy?

Dave: Well | think like it changes into something else like it will change soifkgr yeah a

different minerals and stuff. A

Interviewer: Okay. So does that same thing go for the actual materiati tk d? The matter

that makes it up over time? Where is that going?

Dave: It | think it turns into soil or it breaks down like into smaller pie9es and it turns in to

like nutrients in the soil.
With respect to connections among the events, Level 2 accounts tr, he vital power at a global scale. One
written assessment item asks students to explain whether thg Eco e%as energy exchange with the outside
environment. Below is an example of Level 2 response. It traces the pawer backwards along the food chain—a
chain that connects individual organisms by the feeding relations; The organisms are all located in the food
chain; each organism provides the vital power for the next organism on the chain to stay alive.

NASA scientists invented W7 A e o —4 the EcoSphere -
inside a sealed glass e g : NI container, there are
air, water, gravel, and — NP SR three living things —
algae, shrimps, and acter'eDUsuaIIy, these three living things can stay alive in the container
for two or three ,yeak the shrimps become too old to live. The picture above shows an
EcoSphere and(its.nside part. The EcoSphere is a closed ecosystem and has no exchange of
matter wit gﬁ@e environment.
a) Do you think the EcoSphere has energy exchange with the outside environment? If your
answerdis YES, please explain.
Il $ﬂanswer is NO, why the living things can stay alive without energy exchange with the
e
onse:

outsid rid?
esp They rely on each other and each living organism is a contributing factor to the
her organisms’ life, either by creating oxygen or being a food source.

In summary, at level 2, the naturalistic reasoning that the actor has the natural abilities to conduct certain
actions still exists, but the biological and mechanical reasoning that explains why and how changes happen is
developed and differentiated from the naturalistic and psychological reasoning. In particular, the notion of vital
power is developed. Vital power is a mechanical and physical entity that is associated with the non-perceptual
properties and hidden structures of enablers. Also, Level 2 accounts begin to trace the vital power backward,
although not forward. The notion of vital power is thus a precursor of the scientific notion of energy. While
energy is a physical entity that is associated with limited energy indicators and can be traced both backwards
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and forwards, vital power is a mechanical entity that loosely associated with almost all enablers and usually is
traced backward but not forward.

Level 3. Trace energy unsuccessfully.

Level 3 accounts indicate a shift from reasoning about the actor and its enablers to matter and energy. Level 3
accounts associate energy with energy indicators including the unobvious indicator—organic carbon-
containing molecules. On the other hand, Level 3 accounts do not sort events into uphill or downhill events.
Instead, they treat all events as chemical changes and attempt to trace energy in chemical changes:although
they usually cannot do that successfully. The diagram below depicts the Level 3 reasoning.

Energy/matter association: Associate@ y With energy

indicators including the unob¥ious icator—organic
molecules, but may |dent|fy other es as energy
sources. Do not dlstlngulsh ene anlc molecules.
Elements of Energy/matter tracing: A mpt e energy backward
Events: and forward, but can essfully: matter-energy
Loeceecsscsoe | oconversion; tracing energynit degradatlon
i ACtOfS
Sl ® ( \’
o Enabler N\
............. - With respect
Matter Matter [- Matter to the
Energy Energy i Energy performance
[ of
RERTERRRRRRRS & association,
B NEBOOOs Level 3 accounts
Lo System consistently ~ associate energy  with  energy
indicators including the | "Ll unobvious indicator—organic molecules. For example,
energy is associated }' with “glucose”, “ATP”, cellulous, carbohydrates, and so
on. They also specify energy,]‘,orm as “kinetic energy”, “heat energy”, “chemical energy”, and so on.

However, since students usga ot know that organic molecules contain chemical energy due to the
configuration of atoms ip.th Qlj ules (i.e., organic molecules contain C-C and C-H bonds), they may also
identify other substancés ch are usually input substances of the biochemical processes, as energy sources.
For example, nutri m are also involved in biological processes, are identified as the energy source for
plants; oxygen, the seactant of combustion, is identified as the energy source for burning. Some Level 3
accounts do n6t d&ng[ush energy from organic molecules. For example, some responses claim that glucose
and are‘energy.

With respect toithe performance of Tracing, Level 3 accounts attempt to trace energy not only backward but
also ard in‘chemical changes or at the global scales. However, level 3 accounts usually cannot trace energy
successfully. There are three patterns of this unsuccessful tracing energy.

The first pattern of this unsuccessful tracing performance is matter-energy conversion at the atomic-molecular
scale. Although students recognize that both matter and energy are not created or destroyed, they did not trace
matter and energy separately. Instead, they held the idea that organic molecules can be converted into energy
and vice versa. For example, plant growth is explained in terms of the process of photosynthesis that “converts
light energy into “sugar (glucose)”. Decay (decomposition) is treated as a process, in which “once living thing
is breaking down, that energy is released in the form of carbon.” We asked students to explain how a glucose
molecule of the grape can help people to move their fingers. Many high school students explained that the
glucose molecules is converted into energy or a special energy form—ATP—in cellular respiration. Some
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examples of responses are:
The glucose is consumed and is then brought to the mitochondria through the blood stream. Here,
the cell does respiration and is made into ATP (energy).
The glucose molecule goes into your body. Then, your body breaks down the glucose molecule
through the Krebs cycle and another cycle. These cycles break down glucose and release carbon
dioxide and change the carbon and energy in glucose into ATP, which can then be used as an energy
form which the body uses to perform it's functions. Once the glucose is changed into ATP, it can be
used in the body to make the muscles in your finger move, and is then released as a result of that.
Similarly, animal/people body growth is explained as a process in which “our body stores the ose and
converts it into energy when we need it”. The event of car running is explained as that “kinetic en&tconverts
water or fuel particles into ATP for cars to use as energy”, or “energy of gasoline is converted intwbon
dioxide”.
The second pattern is tracing energy without degradation. Students usually do not re the total
quantity of energy conserves, but the quality of energy—useful form of energy—always de s. As the
result, students may trace energy without recognizing that part of the energy dissipate ted heat. For
example, students may claim that energy can be cycled in the ecosystem since engrgy conserves: “Energy is
always reused in an ecosystem for the producers and consumers to use becauséit go he atmosphere and
then is taken in by producers, which passes on to the next trophic levels: e Wwritten assessment item asks
students whether the same glucose molecule can also be used to maintain)km te ature when it is used to
move the little finger. Level 3 responses usually explain that since the glucose maolecule has already been used
to produce ATP in cellular respiration, it cannot be used to provide heat to keep body temperature. One
example is: “No, because the glucose is apart of the ATP, but anotherglucose molecule can be used”. As shown
in the response below, the student claims that EcoSphere only ha er&'mput not energy output and justifies
the claim in terms of a cycle that involve both changes of engrgy and matter: first plants use the energy of
sunlight to produce oxygen and also “fuel” other organisms. Iyis cycle, energy is used again and again
without degradation.
Do you think the EcoSphere has energy exchange with the outside environment?
The eco-sphere only takes in energy. It uses support the life that it has. For example, it uses
the light to feed the plant. The plant provide n, fueling the water to keep the shrimp healthy.
Plus it fuels the algae, which the shrimp é't)lso, ueling the bacteria.
The third pattern is tracing energy witho tco@on to chemical reactions. Some level 3 responses describe
energy changing from one form to er forms, but do not correctly connect the process of energy
transformation to relevant chemical reactiohs./Below is an interview excerpt:
A Pre-interview (7" Grader)
Py Girl Running
Interviewer: How does €ach’of the things, you mentioned food, water, and oxygen, help the
childtorun?  a Qj
Eric: Again | %sure specifically, | believe it’s because it converts the energy that is in
nds

the food and.se through either oxygen or water or the blood and it is through the body to

use as eng:‘?for movement.
Eric explaine@ir&mﬂng as the following: energy in the food was sent through oxygen, water, or the blood to
use as-energ of movement. He described the energy transformation—energy of food changes into energy of
moxement, %@ﬂd not correctly explain how that change happens in the chemical reaction of cellular
resMn Instead, he treated oxygen and water, the two substances involved in cellular respiration, as the
carrier ofyenergy. The responses below are about tree decay. The student describes the process of energy
transformation—potential energy is transferred into kinetic, moving energy, but s/he also states that the energy
or ATP is used for decomposers to conduct cellular respiration.

Written Item: Is energy involved in the event of apple rotting?

Yes, potential energy is transferred from apple to decomposer, and it is then used to make ATP

for the decomposers to perform cellular respiration, as well it is used by the decomposers to

move and it is transferred into Kinetic, moving energy.

To be noted is that at Level 3, students may provide conflicted accounts. They may still use the notion that the
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actor has ability to do things or the notion that energy “trigger” or “power” processes to explain the events, but
the focus of their explanations is on tracing energy. For example, a student explained the event of baby girl
growth as: “the child’s body convert that stored energy into kinetic energy.”

In summary, students relying on Level 3 reasoning develop the notion of energy and they begin to use energy
as conceptual tool to analyze macroscopic events. They are able to associate energy with most energy
indicators including organic carbon-containing molecules. However, since they usually do not recognize that
energy is determined by the configuration of atoms in molecules, they often make some mistakes when
identifying energy-rich materials. They attempt to trace energy backward and forward at the atomic-molecular
and global scale. However, since they are usually not clear about the relation between energy transformation
and matter transformation, they often cannot successfully trace energy. /{o

Level 4. Trace energy successfully. \‘
Level 4 is scientific reasoning of energy. It is represented in the Loop Diagrami T‘# pe ances of
Association and Tracing are represented in the diagram below. Q
Association:  Assoc rgy
with : indicators
consistently 5
Elements of Tracing: Trace energy separately
Events: from matter and with degradation
e | AN
Matter Matter
- Useful
Useful Energy form
Energy
form
/ its are able to exgla: - socio-ecolog nts in terms of the key carbon-
t .. -esses (phgtosynth %1;1;1;§¥5?§m§1;1;1;bi3synthesis, oX ) and successfully trace energy
a 3s these processes. In pg igu%:3:3:_3:3:3:3:3:3:3:3:3.'.Iy identify ener rces and associate energy with

energy indicato
Below is an exar
water and carbon djoxite rgé

atter and with degradation.
soning. Eric correctly explained ma sformation in photosynthesis—
t to produce the food that make up the ~'~~*~> =~~- Then he explained that light

. They also CCE;L

energy transforms intQ th ored energy” of the molecules that are 1 Heat 2n and carbon atoms.
Post-Interview (7" Grader)
e Heat Tree growth
/‘Inter ie Jes a tree use air?

carbon, which will store away and break apart to store it and use as food.

rviewer: So do you think that the tree also uses water?
Eric: Yes. The tree also needs water. All living things do. The water is used to help break apart
food so that the tree can have energy. It’s also used to combine parts of the water molecules
together with parts of the carbon dioxide in photosynthesis and used as food.
Interviewer: So, you know, the tree, it begins as a very small plant. So over time, it will grow
into a big tree and it will gain a lot of mass. Where does the increased mass come from?
Eric: The mass comes from the food that the tree is producing during photosynthesis, which is
mostly carbon and hydrogen pieces bonded together and that is then being stored away

,\E’::: carbon dioxide in the air contains molecules, atoms. We mean specifically oxygen
and
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Interviewer: So you also talk about energy, light energy. So where does light energy go?
Eric: Light energy is, first it’s absorbed through the leaves. It is then converted to a stored
energy by combining the hydrogen and carbon atoms into various molecules.

The Naming progress variable describes students’ performances of verbatim reproduction of vocabulary.
Accounts at different Explaining levels are built upon different sets of words. For example, accounts at Level 1
are basically constructed by using words about actors, enablers, and results, while accounts at Level 3 are built
upon words about atoms, molecules, and energy forms. Based on this idea, | first developed four groups of
words that are aligned with the four Explaining levels. However, empirically, some words coulé-be more
familiar to students than other words in the same group, simply because they are used as comrr&t;nguage
words in everyday life. Hence, we made empirical adjustment to the four levels, which led to two'intermediate
levels—Naming Level 1.5 (easier hidden mechanism words) and Naming Level 2.5 (easief scientific ds).
More details about the Naming progress variable are discussed in another paper about tr\P in, et. al.,
2009). \

Development of Different Learning Performances
In the final learning progression framework, the three progress variables— ssociation, and
Tracing—are three dimensions of learning performances. The Association pf6 res e and the Tracing
progress variable each contains four levels of achievement. The Naming %es%va iable contains six levels
of achievement. The levels of each progress variable are aligned in terms of\the Togic relations among them.
However, in real situations, the same students may demonstrate different achigvement levels for different
progress variables. /

We used the final version of the learning progression framework a guideline to re-code all the interview
data and written assessment data. The interviews and wriiten assessmepts were divided into account units.
Each account unit has three scores: the Naming Level, the Association-Level, and the Tracing Level. We used
the coding results to generate distribution graphs, which show t rcentage of account units at each level of
the Explaining (Association and Tracing) and Naming progress variables. The distribution graphs enabled us to
identify patterns of student progress. In the paragraphs below, we use both qualitative examples and the
distribution graphs to represent the patterns of stud evelopment of different learning performances.
Below are the distribution graphs for pre-inter nd post-interviews at different school levels. The
comparison between the distribution graphs s@thr trends.

X &
Y
Q
-

'Y,

/

/‘
\,

ing,
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Figure 2. Distribution Graphs of American Pre-interviews and Post-interviews
(Blue: Association; Red: Tracing; Green: Naming)
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performance is aligned with the development of Tracing performance for both pre-interviews and post-
interviews. Altogether, 9.8% account units in pre-interviews (N=183), 5.6% account units (N=160) in post-
interviews have different Association and Tracing Levels. In other words, students tend to rely on coherent
reasoning to account for everyday socio-ecological events. There is debate about coherent or fragmented
reasoning. Some researchers argue that students rely on coherent theories or framework to understand the
world. Others believe that students tend to use fragmentary structures such as p-prims (diSessa, 1987). The
finding of our research provides another example of the coherent theory.

Second, the comparison between the development of Explaining performance and the Naming performance
indicates that the students’ Naming performance is developed ahead of their Explaining performance. This
pattern is shown at all school levels and in both pre-interviews and post-interviews. An importa plication
of this pattern is that teaching energy should focus on teaching the coherent reasoning about gag[gy ralﬁéthan
focusing on transmitting scientific words to students.

Third, the graphs show improvement at elementary and middle school levels but not at igh school level.
From pre-interviews to post-interviews, the distributions shifted toward higher-leyel resp for both
Naming and Explaining at elementary and middle school levels. At the elementary leve ount units in

pre-interviews tend towards Level 1 in Explaining and Level 2 in Naming, while
interviews tend towards Level 2 in Explaining and Level 2 and 3 in Naming?This i
experiment is effective in helping the elementary participants to recogﬁh% n mechanisms behind
macroscopic events. At the middle school level, the post-interview distribution“graphs show a significant
increase in Level 3 and Level 4 accounts for both Explaining and Naming. However, this pattern of progress is
not shown at high school level. The majority high school students still relied on Level reasoning to make
accounts and they did not show significant improvement in using sgi€ntific vocabulary. One possible reason is
that high school participant teachers did not use all the teaching m% designed.
N

Implication y

In science, energy is an abstract quantity that applies,to many science topics. It is very difficult for students to
understand, because we cannot see energy either t our naked eyes or any high technology. We can only
“feel” it. Based on our everyday life experience now that light, heat, and motion indicate energy.
Sometimes, we cannot even feel energy. Foods and fuels contain chemical energy, but we cannot feel it. When
teaching energy, there is always the tension between the need of making energy “concrete” for students and the
need to keep energy concept scientifw rigorous. This tension makes energy a disturbing topic in school
science.
Current school science teaching,(ioex'mt successfully solve this dilemma. Some times, we try to keep the
rigorousness of the concept, t}n neglect students’ ways of knowing. For example, in physics, energy is defined
as the ability to do work. This definition introduces the abstract concept of energy through another unfamiliar
abstract concept—work.)&c:k up\ provide students any useful information about what energy is and why it is
an important concept t . Some times, we try to simplify the science content, but do not recognize that
actually foster more=confusiens. For example, energy conservation is often expressed in science textbooks as
that “energy is not ereated or destroyed”. This statement is effective for rote learning. However, it is also
misleading, be€ause.it/does not clarify that energy cannot change into matter. Our data indicate that many
studga&tend to use matter-energy conversion to make accounts.

Anather problém~with current school science teaching of energy is the lack of connection among different
subjectareas. In biology, energy is taught through a set of simplified biological narratives. These narratives are
usually inferred conclusions about biological processes. They highlight the scientific facts but do not address
the connection between the scientific facts and the energy principles. For example, energy pyramid is taught as
the 10% rule—only about 10% energy is transferred to the next trophic level. This narrative does not explicitly
address energy pyramid’s connection to energy principles—the 90% energy lost at each trophic level is heat
dissipating from the process of cellular respiration. A common science narrative about photosynthesis is that
plants use light energy, carbon dioxide, and water to make food/glucose. Or, at the high school level, we often
represent the formula of photosynthesis as: CO, + H,O + Light energy = Glucose + O,. In theses narratives,
energy is addressed at the reactants’ side, but disappears at the products’ side. Therefore, students may use their
imagination to construct many misconceptions such as light energy powers photosynthesis or glucose is energy.

ac t units in post-
s that the teaching
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These are two common misconceptions we found in our data. We often describe energy transformation in
ecosystems as “energy flow”, but do not explicitly tell students that flow means the useful energy forms are
decreasing due to heat dissipation. As the result, many students understand flow as recycle—energy can be
used again and again.

Hence, we propose teaching energy through a coherent and reasoning-focused approach. It highlights two
aspects of understanding: 1) a coherent reasoning about the two energy principles: energy conserves separately
from matter; energy conserves with degradation. 2) a coherent reasoning that links processes at multiple
scales—the atomic-molecular chemical reactions explain how and why the macroscopic events happen and the
global processes of carbon cycling and energy flow explain the global effect of the macroscopic e\%
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