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ABSTRACT

DEVELOPING A LEARNING PROGRESSION FOR ENERGY AND CAUSAL
REASONING IN SOCIO-ECOLOGICAL SYSTEMS

By
Hui Jin

Global warming is one of the most serious environmental challenges we are
facing today. Two science topics are important for students to understand how and why
people’s everyday energy consumption activities contribute to global warming. These
two topics are: carbon-transforming processes and energy. They have been recognized as
core content topics for many years in both science standards and curriculum. However,
empirical research has uncovered that current school science learning was not successful
in helping students to use knowledge of these two topics to explain how people’s
everyday energy consumption activities contribute to global climate change over time.

This study uses the approach of learning progressions—sequences of
successively more sophisticated ways of reasoning about science topics (National
Research Council, 2007)—to study K-12 students’ understanding of energy as it relates
to socio-ecological events that contribute to the global climate change. I develop a
learning progression framework that describes increasingly sophisticated ways of
reasoning students display in their explanations of socio-ecological events, use the
learning progression framework to measure students’ achievement in written
assessments, and use the learning progression framework to investigate mechanisms of

students’ progress.



Students from 4™ grade to 1 " grade in suburban and rural schools of a

Midwestern state participated the research. I used both interviews and written
assessments to elicit students’ accounts about energy and the socio-ecological events. I
found that the differences between scientific explanations and students’ intuitive
explanations are reflected in two aspects of learning performances—Association and
Tracing. I also found that, instead of using energy, students with less science background
tended to use informal entities such as “natural ability” and “vital power” to make
accounts. Based on these two findings, I developed the learning progression framework:
1. Natural ability: to associate natural ability loosely with various aspects of the events
and trace the macroscopic action-result chain; 2. Vital power: to associate vital power
with enablers and trace the power-result chain; 3. Energy: to associate energy with energy
indicators and trace energy unsuccessfully; 4. Energy: to associate energy with energy
indicators and trace energy across scales successfully.

I used the learning progression framework to measure students’ achievement and
found that most students did not achieve Level 3, at which the reasoning based on energy
conservation began to develop. I also used the learning progression framework to
investigate mechanisms of students’ progress. I found that students tended to rely on
relatively cohesive and consistent reasoning to account for events. They often construct
coherent synthetic reasoning by using strategies to reconcile features of scientific
knowledge learned from school with their existing force-dynamic reasoning. The results
of this study contribute to the emerging theoretical understanding and empirical basis of

learning progression research.
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CHAPTER 1 INTRODUCTION

Energy is a fundamental concept that spans major science disciplines including
physics, chemistry, and biblogy. It is a powerful conceptual tool scientists use to
understand how socio-ecological events contribute to the global climate change. In
particular, global warming is the collective effect of a variety of socio-ecological events
including natural biological events (e.g., plant growth, animal growth, animal body
movement) and human energy consumption activities (e.g., burning fossil fuels, driving
cars, and using electric appliances). These socio-ecological events are explained in terms
of a set of atomic-molecular carbon-transforming processes, which include
photosynthesis, digestion and biosynthesis, cellular respiration, and combustion. Carbon
transforming processes are constrained by two energy principles—energy conservation
and energy degradation. Although energy and carbon-transforming processes have been
highlighted as core topics in science standards and curriculum for many years, empirical
research indicates that students hold many informal ideas and misconceptions related to
these topics. In my dissertation study, I investigate K-12 students’ accounts about the
socio-ecological events and develop a learning progression for energy and causal
reasoning to describe the increasingly sophisticated ways of reasoning that students

display across school years.
RATIONALE FOR THE RESEARCH

I adopt the research approach of learning progression to investigate students’
progress with respect to two science topics: energy and carbon-transforming processes.

This study has three foci: energy, carbon-transforming processes, and causal reasoning.



Why Energy?

I chose energy as the focus of my study, because energy is a fundamental concept
in science and science education, and it is also a very confusing concept for students.
Energy plays a key role in all branches of science including biology, chemistry, and
physics. It has also been consistently identified as a central concept in K-12 science
curriculum. Why is energy so important? Feynman points out that energy is a useful
concept, because it is a quantity that is always conserved; scientists can understand
various changes, be they physical, chemical, or biological, by tracing energy (Feynman,
Leighton, & Sands, 1989). Energy is so important. Then, how well do we teach it at K-12
level? Empirical studies have uncovered that students held many misconceptions of
energy. Students’ ability to apply the two energy principles to environmental issues could
be even weaker. According to the National Environmental Education and Training
Foundation’s (NEETF) ten-year report (Coyle, 2005), only 12% of Americans passed a
basic quiz on awareness of energy topics, and Americans’ knowledge of energy issues
lagged far behind their knowledge of other environmental issues. As NEETF claims,

there is a serious problem of American’s low energy intelligence.

Why Carbon-transforming Processes?

Carbon-transforming processes include photosynthesis, digestion & biosynthesis,
cellular respiration, and combustion. They have been recognized as core topics of science
curriculum for many years. Recently, they are receiving even more attention from science
educators. The reason is that students need to understand carbon-transforming processes

in order to achieve both scientific literacy and environmental literacy.



On one hand, understanding carbon-transforming processes is important to
promote scientific literacy, because carbon-transforming processes manifest fundamental
knowledge of major disciplines taught in K-12 schools. This knowledge includes the
following: three physics principles that constrain carbon-transforming processes (i.e.,
energy conservation, energy degradation, and matter conservation), chemical reactions
and chemical properties of materials, and biological processes (i.e., photosynthesis,

digestion, biosynthesis, and cellular respiration).

On the other hand, understanding carbon-transforming processes is a major
component of environmental literacy. Global warming is one of the most serious
environmental problems that every country has to face and deal with. Carbon
transforming processes explain the variety of socio-ecological events that contribute to
global climate change. These socio-ecological events include various human energy
consumption activities (burning fossil fuels, using electric appliances, etc.) and natural
biological processes (plant growth, animal growth and body movement, decomposition,
etc.). Among these events, plant growth is the only event that removes carbon dioxide
from atmosphere. The underlying process that explains this phenomenon is
photosynthesis. Humans consume foods and fuels from environmental systems and at the
same time emit carbon dioxide into the atmosphere. This phenomenon is explained in
terms of three processes—digestion & biosynthesis, cellular respiration, and combustion.
When the carbon dioxide emitted into the atmosphere exceeds the carbon dioxide
removed from the atmosphere, the concentration of carbon dioxide in atmosphere will
increase, causing global climate change over time. This scientific understanding is

becoming more and more important in recent years, because, as global warming is



becoming a bigger thread, students are expected to use their knowledge about carbon-
transforming processes to understand how their everyday activities contribute to global
climate change. Without this understanding, it is very difficult for people to recognize the

necessity of changing their life styles.

Why Causal Reasoning?

I chose casual reasoning as the third focus. First of all, what is causal reasoning?
Why is it important for science learning? Causal reasoning is at the core of explanations.
An explanation answers why and how things happen. It identifies the cause of an event
and explains how the cause produces certain effect. At the core of any explanation is the
causal reasoning, or causation. Without it, the explanations do not have explanatory

power.

To construct sophisticated explanations of socio-ecological events, students need
to understand fundamental matter and energy principles (matter conservation, energy
conservation, energy degradation) and key chemical reactions (photosynthesis, cellular
respiration, and combustion). Although these topics have been recognized as the core
content in national science standards and school curriculum for many years, empirical
research indicates that students’ ability to apply relevant knowledge to construct

qualitative explanations is very weak.

One way to understand this problem is to think about how scientific knowledge
has been constructed. The scientific knowledge, including scientific facts, concepts,
principles, and theories, has been constructed and generated by a community of
practitioners—scientists, over a long period of time. It always conveys the specific ways

4



of reasoning shared by the members within the science community. In science, the facts,
concepts, principles, and theories are not fragmented knowledge pieces. They are
coherently organized around scientific reasoning. In particular, the scientific explanations
of the socio-ecological events are formulated and supported by discipline-specific causal
reasoning, which can be characterized as “principles (energy conservation, energy
degradation, matter conservation) constraining processes (photosynthesis, cellular
respiration, combustion, digestion & biosynthesis)”. It is impossible to construct
scientific explanations without a deep understanding of this underlying causal reasoning.
Students usually have rich experience outside of the science classroom. Their life
experience imparts various ways of informal causal reasoning, which are usually not
identical with scientific causal reasoning. When scientific knowledge is transmitted
without articulating the underlying scientific reasoning and when students’ informal

reasoning left un-tackled, various misconceptions and confusions emerge.

This argument is also supported by empirical findings. In my previous studies on
learning progression for energy, I found that although middle and high school students
had learned about energy in their science classrooms, they tended to understand energy
concepts based on their intuitive reasoning. While scientific reasoning about energy
emphasizes a notion of constraints—energy principles constrain chemical processes,
students tend to treat energy as power that can be used up to make things happen. If the
scientific knowledge, energy concepts and principles in this case, is taught without
emphasizing the underlying scientific reasoning, students will construct many intuitive

meanings of energy based on their everyday reasoning. Hence, studying causal reasoning



will generate a deeper understanding of students’ intuitive energy conceptions and

provide informed suggestions for standards, instruction, and curriculum.

Why Learning Progressions?

I adopt the approach of learning progressions to study the development of
students’ understanding of energy and carbon-transforming processes. Learning
progressions are sequences 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). They provide a new way for us to rethink the science standards.
The current science standards are a set of content expectations for students at different
grade levels. From a constructivist perspective, learning is a process in which students
actively construct knowledge. Students’ intuitive ideas play a key role in this process of
knowledge construction (Cobb, 1994). Therefore, current science standards, with its
neglect of students’ thinking, would be misleading if were used as guideline for science

teaching.

Unlike science standards, learning progressions are about students’ ideas. They
are sequences of increasingly sophisticated ways of thinking and reasoning students use
to understand the real world. Therefore, learning progressions will be more effective in
guiding meaningful science teaching and learning in schools. With respect to
assessments, learning progression research often uses innovative assessment approaches
such as diagnostic assessments and clinical interviews. Such approaches are more
effective in eliciting students’ understanding. Finally, in learning progression research,

curriculum and instructions are often developed based on empirical findings about



students’ understanding and therefore will be more effective in facilitating students’

learning.

RESEARCH QUESTIONS

This study investigates students’ reasoning with respect to energy in socio-
ecological systems—how students account for socio-ecological events and whether and
how they use knowledge of energy and carbon-transforming processes to make accounts.
I intend to develop a learning progression framework that describes increasingly
sophisticated ways of reasoning students commonly display in their explanations of the
socio-ecological events, and use the learning progression framework to measure students’
achievement and investigate mechanisms of their progress. Accordingly, the specific

research questions are:

1. Development of the Learning Progression Framework:
* What are the causal reasoning patterns students use to account for the socio-
ecological events?
e What are students’ naive ideas about energy as it relates to the socio-
ecological events?
* How can students’ intuitive causal reasoning patterns and naive ideas about
energy be ordered into increasingly sophisticated achievement levels?
2. Students’ achievement:
* How can the learning progression framework be used to measure individual
students’ achievement?

* What are the general patterns of students’ achievement?



3. Coherence and consistency of students’ accounts:
* Do individual students reason at single achievement level or multiple
achievement levels? |
¢ If students rely on multiple achievement levels to make accounts,
1) to what extent is their reasoning about each individual socio-ecological
event coherent?
2) to what extent is their reasoning consistent across different socio-ecological

events?

Based on findings of these questions, I also suggest teaching approaches that are
effective in facilitating students’ progress towards scientific reasoning about energy in

socio-ecological systems.
DISSERTATION OVERVIEW

This introductory chapter begins by pointing out the importance of energy and
carbon-transforming processes as core topics in science and science education, and causal
reasoning as the fundamental basis for conceptual understanding. I propose to use the
approach of learning progression to study students’ progress with respect to energy in the
socio-ecological systems. Based on this discussion, I lay out three sets of research
problems. They are problems about learning progression framework development,

students’ achievement, and mechanisms of students’ progress.

In chapter 2, I review literature from four research strands: learning progression
research, misconception research about energy, causal reasoning research, and conceptual
change research. The literature provides useful but incomplete answers to my research

8



problems. First, empirical studies of learning progressions provide promising findings as
well as challenging problems to be considered in designing the research. In particular,
there are two critical issues to be considered: how to systemically integrate assessments,
standards, curriculum, and instructions, and how to link students’ naive ideas to science
in meaningful ways. Second, causal reasoning research and misconception research of
energy uncovered many intuitive ideas from students. They provide useful information to
understand students’ thinking and reasoning. Finally, conceptual change research

provides ideas about how to investigate mechanisms of students’ progress.

In Chapter 3, I describe how I developed the conceptual framework based on the
critical issues identified in Chapter 2 and how the conceptual framework is useful to
solve the research problems. First, the conceptual framework aligns three research
elements—Ilearning progression framework, associated assessments, and suggested
teaching apprqaches—around the core ideas of causal reasoning and energy conceptions.
In particular, the learning progression framework describes students’ progress in terms of
two parameters—progress variables and achievement levels. In this chapter, I also
reviewed two previous studies, based on which I identified two research dilemmas to be
solved in developing the learning progression framework. The two dilemmas are: the
dilemma between science-based progress variables and performance-based progress
variables and the dilemma between lower achievement levels and the higher achievement
levels. Then I discuss why and how the learning progression framework can be used to

measure students’ achievement and investigate the mechanisms of their progress.



In Chapter 4, I describe the research participants, the methodology, and research
background. Interview and written assessments were conducted twice as the students
were learning relevant knowledge. In this chapter, I elaborate how I designed interview
protocol and written assessment items that elicit students’ accounts about the socio-

ecological events, and how I analyze data.

In Chapter 5, I first present the research findings and products. The learning
progression framework has two progress variables—Association and Tracing—and
address three increasingly more sophisticated entities—natural ability, vital power, and
energy—that students use to understand the socio-ecological events. Then, I report the
results of using the learning progression framework to measure students’ achievement in
written assessments. Finally, I describe the findings with respect to the mechanisms of
students’ progress. I found that students tended to rely on relatively cohesive and
consistent reasoning to make accounts; they also tended to use strategies to reconcile new
knowledge into their existing reasoning framework rather than restructuring their existing

reasoning framework.

In Chapter 6, I summarize the findings of this study and discuss the implications
for both research and practice. I focus on two major findings of this study: Tracing and
Association as progress variables, and patterns of the cohesion and consistency of
students’ reasoning. With respect to research, I describe how this study fits in a broader
research area and how the two major ﬁndings contribute to our understanding of
students’ understanding of energy. With respect to teaching practice, I make suggestions

for teaching approaches based on the two major findings. Finally, I also discuss the

10



limitations and unsolved problems of this research, based on which I discuss my plan for

future research.
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CHAPTER 2 LITERATURE REVIEW

This study adopts the approach of learning progression to investigate students’

achievement and progress with respect to energy in socio-ecological systems. I used an

iterative research process, which lasted for five years. During the five years, my

understanding of students’ understanding about energy in socio-ecological systems

underwent considerable development. The literature I drew on also changes a lot. The

major contributors to my current research are ideas and studies from the following four

research strands.

Learning progression research

Previous learning progression studies conducted by other researchers have shown
both promising findings and challenging problems, which informed the design of
this research.

Misconception research about energy

Empirical studies about students’ misconceptions of energy uncover many
intuitive energy conceptions of students. A better understanding of students’
intuitive ideas about energy helps me to design assessments and develop the
learning progression framework.

Causal reasoning research

Causal reasoning research indicates that students may rely on intuitive ways of
causal reasoning such as force-dynamic reasoning and hidden mechanism
reasoning to explain their observations. These ideas help me to design more

effective assessments and develop the learning progression framework.
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* Conceptual change research
This study investigates students’ progress with respect to their understanding of
energy. Traditionally, such topics are studied within the conceptual change
research. Recent conceptual change studies investigate the mechanisms of
conceptual change through examining the cohesion and consistency of students’

ideas. I used this approach to investigate the mechanisms of students’ progress.
LEARNING PROGRESSION RESEARCH

A variety of different approaches to representing students’ learning over time
have been labeled “learning progressions”. Most learning progressions have been
developed based on empirical research. However, not everyone who writes about
learning progressions agrees that empirical grounding is essential. For example, Heritage
(2008) describes learning progressions as attempts to develop descriptions of expected
student learning based on science content knowledge. Roseman et al. (2006) used concept
maps to represent the learning progression for heredity, which describes the logical
relations and orders of the scientific concepts and theories. However, if the ultimate goal
of learning progressions is to promote science teaching and learning in real classrooms,
they should be grounded in empirical data about real students’ learning, thinking, and

reasoning. This is the empirical validation of the learning progression research.

Empirical studies have developed learning progressions in a variety of science
topics. Some learning progressions describe a sequence of science concepts, principles, or
facts ordered from concrete to abstract and simple to complex. The assumption is that the

understanding of any new knowledge relies on the mastery of previous more basic
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knowledge. Although some of these learning progressions are developed based on
assessments of students’ performances, the primary concern is to find out which concepts
and theories are easier and which are more difficult to students. For example, Liu and his
colleagues used the TIMMS database to explore the developmental progression of matter
and energy in K-12 students (Liu & Lesniak, 2006; Liu & McKeough, 2005). Lee and
Liu (2009) conducted a similar research on energy concepts. These studies compare the
Vdiﬁiculty levels of items about different concepts and theories. The final learning
progression is a linear sequence of concepts and theories ordered in terms of the difficulty
level. Although such learning progressions are developed based on empirical data, they
do not address students’ thinking. From this sense, these learning progressions are not

empirically validated.

Many researchers have been engaged in the development and empirical validation
of learning progressions. Usually, they represent learning progressions as sequences of
students’ performances (Alonzo & Steedle, 2008; Mohan, Chen, & Anderson, 2009;
Schwarz et al., 2009; Smith, Wiser, Anderson, & Krajcik, 2006; Songer, Kelcey, &
Gotwals, 2009). Among these efforts, diverse theoretical and methodological approaches
are adopted. I conducted an analytical review to examine how different studies use

learning progressions to address students’ conceptual development.

Two of the above learning progressions address students’ domain-general
thinking. Songer et al. (2009) argue that learning progressions should address not only
content knowledge but also students’ “inquiry reasoning skills”. The final learning

progression they developed consists of a content progression and an inquiry reasoning
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progression. The content learning progression is a sequence of science content topics
ordered in terms of the difficulty levels identified based on assessment data. The inquiry
reasoning progression is a sequence of meta-conceptual skills students used to construct
scientific explanations. Students at one level of the inquiry reasoning progression could
end up at all the different levels of the content progression. One advantage of this study is
that, it recognizes that, as students are constructing explanations, their meta-conceptual
awareness and strategies contribute to their conceptual development of content
knowledge. However, the content progression they developed is still a sequence of
science topics that address nothing about students’ intuitive ideas related to those science
topics. In this sense, this learning progression still lacks the empirical validation, at least

to certain degree.

Schwarz et al. (2009) developed a learning progression for scientific modeling.
Their research focuses on one specific meta-conceptual skill—modeling. The final
learning progression is a sequence of students’ performances of modeling from model as
duplicate of phenomena to model as explanatory tools. They also studied how students
make the “shifts” from a lower level to higher levels. The advantage of the learning
progression for modeling is that the levels of the learning progression are not about the
desirable modeling skills student should master, but are about what students did in real
situations. However, their attempt to separate modeling skills from understanding of
content is problematic. In particular, the “shifts” students made could be resulted from
the development in understanding of the content knowledge rather than improvement of

modeling skills.
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Three studies address students’ domain-specific thinking (Alonzo & Steedle,
2008; Mohan et al., 2009; Smith et al., 2006). They describe students’ intuitive ideas with
respect to the science topics. For example, the learning progression for force and motion
address a sequence of ideas from the most naive idea that force is push-and-pull to
scientific understanding that connects force with motion by acceleration. The learning
progression for carbon-cycling explicitly addresses students’ specific ways of reasoning
behind their learning performances, although, as will be discussed later, the lower-levels
of this learning progression are not convincing enough. Smith and her colleagues (2006)
used findings from empirical studies to develop a learning progression that addresses
students’ causal reasoning and epistemological beliefs. The implication of these three
studies is that empirically validated learning progressions should have domain-specific
cognitive basis. That is, learning progressions should address the development of
students’ thinking and reasoning in terms of cognitive constructs such as causal reasoning

and epistemological beliefs.

In summary, one advantage of learning progression research comes from its
integrative nature. Learning progressions can integrate assessments, standards,
curriculum, and instruction in meaningful ways. In particular, two studies (Schwarz et al.,
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