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Abstract

Over the last two decades, scientists have recognized the necessity of studying the earth
as an integrated system. Consequently, the knowledge of physical earth systems and
human interactions was integrated to form a new discipline, Earth System Science (ESS).
Given the acceleration of environmental change, such as that of the global climate
system, understanding the earth as a system has become essential in order to create a
scientifically literate citizenry. However, our understanding of teachers’ and students’
conceptual understanding of earth as a system is still in its infancy. Due to the
interdisciplinary nature of the ESS discipline as well as the complexity of the ESS
knowledge structure, there is no consensus about important ESS knowledge for teachers
or students. This study presents an analytical framework, Earth System Knowledge
Framework (ESKF), to assess teachers’ conceptual understanding of earth systems using
the concept of water. By utilizing the framework, this study investigates five secondary
earth science teachers’ conceptual understandings of water in earth system. This study
also probes how the teachers’ conceptual understanding of water in the earth system
affects their selection and organization of the topics and related content knowledge for
lesson planning. Through intensive interviews with the teachers, this study employs
multiple case studies using inductive and qualitative analysis methods. The findings of
this study demonstrate that the teachers’ conceptual understandings of water in earth
system are highly related to their Earth System Knowledge (ESK). Furthermore, the
science teachers’ conceptual understanding of water in earth system directly affects the

topic choices and content knowledge used for teaching the concept of water. This study



implies that the teachers not only need to possess knowledge of physical earth systems
but also knowledge of earth’s biosphere and ecosystems to understand earth as a system.
This study also suggests a need to reform teacher preparation in a way that the teachers
could gain basic and fundamental knowledge of earth system and elaborate their skills to

apply earth system knowledge for teaching.
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CHAPTER I: INTRODUCTION

Rationale

During the last two decades, the goals of earth science education have shifted
from teaching isolated earth science concepts toward teaching the concept of earth as a
system (Earth Science Literacy Initiative, 2009). Using an earth system approach is
critical for helping K-12 students to understand earth as a system and to understand
natural phenomena through an earth system perspective. However, there has been
increasing concern about earth science teaching using earth system approach in both the
elementary and secondary levels (Hoffman & Barstow, 2007). In teacher preparation
programs, earth science continues to be taught as independent and isolated topics
(Libarkin, Anderson, & Dahl, 2005) and consequently, teachers are not prepared through
their content courses or teacher preparation programs to teach using an earth system

approach (Annetta & Dotger, 2006).

Literature about teachers’ earth science content knowledge has mainly examined
their misconceptions about isolated earth science concepts, such as moon phases (e.g.
Schoon, 1995) and plate tectonics (Libarkin & Anderson, 2005). In regards to the new
earth system approach, the studies of teachers’ earth science concepts has not provided
enough information about teachers’ understanding of earth as a system. While some of
the current bodies of research implies teachers’ lack of knowledge of the earth system and
a lack of awareness of the earth as a system (e.g. Boyes, 1995; Dove, 1996; Libarkin et

al., 2005; Schoon, 1995; Summers et al., 2000; Trend, 2000, 2001), it does not give



enough information about the important earth system knowledge the teachers need and

how the earth system knowledge is conceptually structured in the teachers’” mind.

To understand teachers” knowledge of earth systems, we need to effectively assess
their understanding of earth as a system. However, assessing teachers” understanding of
earth system knowledge is not a simple task. Due to the complex nature of the earth
system, even advocates of earth systems education have not yet developed specific
methods for assessing teachers’ conceptual understandings of earth system. What is
needed in the field is an analytical framework that could show the structure of earth

system knowledge and could be used to assess teachers’ knowledge of earth system.

In addition to the necessity of assessing teachers’ conceptual understanding of
earth system, we also need to understand what teachers will teach about earth system
based on their understanding of earth system. Knowing how to teach specific concepts is
affected by the nature of the teacher’s subject matter knowledge (Barnett & Hodson,
2001). Particularly, what teachers will teach about specific topics and content is affected
by their understanding of the science discipline as related to the topic (Hashweh, 1987).
In other words, choosing topics and organizing content knowledge to teach earth system
is dependent on how the teachers conceptually connect and structure existing earth
science knowledge to understand earth system. Earth system science is a new way of
organizing scientific knowledge (substantive structure) to understand earth as a system.
Therefore, we need to be careful to understand the relationship between teachers’
understanding of earth system and how they select and organize topics and content

knowledge for teaching the new concept of earth as a system.
2



Unfortunately, there is no study examining the relationship between teachers’
conceptual understanding of earth system concepts and their selections and organization
of the content knowledge for teaching earth system concepts. In this situation, careful and
thoughtful study is necessary in order to understand teachers’ conceptual understanding
of earth system concepts and how their conceptual understanding of an earth system
concept affects their pedagogical decision of choosing and organizing content

knowledge.

Research questions
The primary objective of this research is to determine the earth science teachers’
conceptual understanding of an earth system concept (water in earth system) using ESKF
and how their conceptions of water in earth system influences their pedagogical decisions

as they develop lesson plans. The specific questions addressed in this study are:

1. What are the teachers’ conceptual understandings of water in earth
system?
2. How are the teachers’ conceptual understandings of water in earth system

related to their selection and organization of topics and content knowledge for

teaching water in earth system?



Significance of the study
. Earth System Science (ESS) is a new discipline of science. While, there has been
increasing educational effort to teach ESS knowledge, the knowledge of ESS is not fully
defined. This study carefully defines the main ideas of Earth System Science and
important ESS knowledge based on the ontological categories, named Key Earth System
Knowledge (ESK). The main idea of the ESS and Key ESK will give us a more clear idea
of the substantive structure of the ESS discipline and what constitutes important

knowledge of ESS.

This study presents an analytical framework to assess teachers’ conceptual
understandings of earth system. The framework (ESKF) shows the important
relationships between ontological categories of earth system concepts (Matter, Process,
and System) and Key ESK. By using the newly developed framework, this study will
provide us with important knowledge of how the teachers conceptualize the concept of

earth system based on their ESK.

Recent studies about science teachers’ conceptual knowledge rarely include
teachers’ conceptual knowledge of earth system and its effect on their practice.
Knowledge of earth system is not merely measured by declarative content knowledge but
by conceptual structures showing the complex connections between related concepts and
content knowledge. Therefore, the relationship between the teachers’ conceptual
understanding of earth system and its effect on choosing topics and content knowledge
will give us a more clear picture of how the teachers’ conceptually structured knowledge
will affect the way they organize knowledge for teaching.

4



I choose the concept of water in earth system to probe the teacher’s conceptual
understandings of earth system. The role of water in the earth system is a very important
concept that students need to understand for our sustainable future because access to
fresh water is a very important issue to human society. Furthermore, water also plays an
important role for the world economy as it functions as a solvent for a variety of chemical
substances. However, there is no study that examines in-service teachers’ knowledge of
water in earth system. This study will reveal what the teachers understand about this

important concept.

In addition, the concept of water in earth system is also very important and
fundamental to understand what earth system is and how it works as a system. Water is
one of the major components of earth system and very unique components that represent
physical and chemical characteristics of earth system in a bigger solar system. Water is
necessary for living, everywhere on earth, and constantly moving and recycling through
the earth system. Thus I believe that this study about teachers’ conceptual understanding
of water will reveal their conceptions of earth system as well as how they conceptually

structure the related concepts and content knowledge to understand water in earth system.

Overview of the following chapters
In Chapter II, | develop an analytical framework, Earth System Knowledge
Framework (ESKF) to assess teachers’ earth system knowledge. I also review literature
related to teachers’ subject matter knowledge (SMK) for earth science teaching. In

Chapter I11, 1 describe the research design, participant teachers (five secondary earth
5



science teachers) characteristics, and the methods | employ to conduct this dissertation. |
also describe myself as a researcher of this study, the validation process, and limitations
of the study. In Chapter IV, I describe the case studies, the teachers’ conceptual
understanding of water in earth system and how they designed their lessons for teaching
water and water in earth system. In Chapter V, | describe the cross-case analysis results
by comparing teachers’ conceptual understanding of water in earth system. I also
analyzed the relationship between the teacher’s conceptual understandings and their
selection and organization of the lesson topics and content knowledge. In this chapter, |
also answer the research questions. Finally, in Chapter VI, | summarize the findings and
conclude by addressing implications of this study and suggesting potential future

research.

Definition of the terms
Conceptual understanding is defined as a teacher’s interrelated knowledge of
facts, concepts and principles (laws) in a science discipline. This term has a very similar
meaning to Conceptual Knowledge as defined by Gess-Newsome (1999, p. 55). That
meaning is described as knowledge that “is assumed to be interconnected in nature,
impacted by related beliefs, socially constructed, and personally integrated,

distinguishing it from knowledge that is strictly declarative in nature”.

Earth system knowledge is defined as conceptually structured and rich scientific
knowledge that is necessary to explain why earth is a system, including scientific

knowledge of physical earth system (materials and physical structure), chemical and
6



physical interactions, energy source, time and space scale, system characteristics (system

boundaries and system behaviors), and human interactions.



CHAPTER II: EARTH SYSTEM KNOWLEDGE FRAMEWORK AND TEACHERS’

CONCEPTUAL UNDERSTANDINGS OF EARTH SYSTEM

Overview

In this chapter, I develop an analytical framework, Earth System Knowledge
Framework (or ESKF) to assess teachers’ knowledge of earth systems. I also review the
literature related to teachers’ subject matter knowledge (SMK) for earth science teaching.
| open the chapter by describing the necessity of developing a framework for assessing
earth system knowledge. Then | develop the analytical framework, or ESKF, in four
phases. First, | define the main ideas of ESS and its substantive structures by adopting
Schwab’s idea of the structure of discipline. Secondly, I define three ontological
categories of earth system concepts (Matter, Process, and System) by reviewing a
relevant portion of the literature of conceptual change. Next, | categorize important ESS
knowledge based on the ontological categories and name it Key Earth System Knowledge
(ESK). Finally, I develop a framework (ESKF) that shows the important relationships

between ontological categories of earth system concepts and Key ESK.

I also review the literature of teachers’ subject matter knowledge (SMK) of earth
system and their practices. I developed this review in three phases to understand teachers’
SMK and how it affects their pedagogical practice of choosing content knowledge for
lesson planning. First, I review the literature of teachers’ conceptual understandings of
earth science concepts, including earth system. Secondly, | review the literature about
teachers’ SMK by considering scholars’ different interpretations of the components of

SMK from the perspective of Schwab’s (1962) conceptual structure of the discipline.

8



Then, I narrow my discussion to focus specifically on science teachers’ SMK. In the
discussion, I rely on Gess-Newsome’s (2001) categories of teachers’ SMK to discuss
their conceptual understandings of specific scientific concepts (conceptual knowledge)
and their understandings of the subject matter structure. Finally, I discuss implications of
the teachers’ conceptual understanding of earth system in the broader perspective of
teachers SMK and their teaching practice of choosing content knowledge for their lesson

planning.

Developing Earth System Knowledge Framework (ESKF)

Inconsistency between the Earth System Approach and K-12 Education

Over the last two decades, scientists have recognized the necessity of studying the
earth as an integrated system in order to explain complex and unpredictable natural
phenomena. Consequently, the knowledge of physical earth system generated by the
traditional earth science disciplines was integrated to form the concept of the earth as a
set of systems for the new discipline of Earth System Science (ESS) (Johnson, Ruzek, &

Kalb, 1997).

The associated necessity of education for ESS has been reflected in the numerous
system oriented education projects and national science standards (e.g., Global Learning
and Observation to Benefit the Environment (GLOBE), Earth System Science Education
for the 21st Century (ESSE21)). Moreover, given the reality of the acceleration of

environmental change and subsequent issues about the global economy and policies,



teaching earth as a system has become essential for improving students’ scientific literacy

(Earth Science Literacy Initiative, 2009).

However, there has been increasing concern about K-12 earth science teaching
and teachers’ understandings of earth as system. While the national standard documents
(American Association for the Advancement of Science (AAAS), 1993) address
“system” as one of the important themes in understanding science concepts, the standards
(national as well as the state standards) do not directly present how to use a system-based
approach to teach earth science (Hoffman & Barstow, 2007). A recently published survey
of earth science standards across the U.S. was less than positive about the state standards
of K-12 earth science education (Hoffman & Barstow, 2007). The report opens with a
call to action in that “understanding Earth’s interconnected systems is crucial to the
future of our nation and the world. Yet our nation’s schools have a mixed record of
effective Earth science education” (p.5). Due to the lack of consensus about the central
ideas of ESS and what teachers should teach about ESS, interpreting and addressing earth
science knowledge using systems ideas has always been extra work for teachers in the

classroom, curriculum developers, and assessment designers.

Teacher preparation for teaching earth science using a system approach is also
problematic. Earth science continues to be taught as independent and isolated sub-
disciplines (Libarkin, et al., 2005) and consequently, teachers are not prepared through
their content courses or teacher preparation programs to teach earth system knowledge
(Annetta & Dotger, 2006). This may be due at least in part to a lack of research on
teachers’ understanding of earth systems. While the current body of research implies K-

10



12 teachers’ lack awareness of earth as an integrated system (e.g. Boyes, 1995; Dove,
1996; Summers et al., 2000; Trend, 2000; 2001), it is does not inform teacher educators

about the status of teachers’ knowledge of earth as a system.

Identifying what ESS is and what kind of knowledge is developed and
accumulated in the ESS discipline is important not only for K-12 education but also for
preparing pre-service and in-service teachers to teach important ESS knowledge to our
future citizens. In the following sections, I define the boundaries of the ESS discipline
and the kind of knowledge that is important to understand ESS concepts for the purpose

of assessing teachers’ conceptual understandings of earth systems.

Phase 1: Describing the Structure of the Discipline of Earth System Science

Schwab (1962) argued that scientific knowledge includes more than scientific
facts and concepts but also includes the knowledge of the processes and ways of thinking
used to generate these scientific concepts. He defined science as a discipline having both
substantive and syntactic structures. The substantive structure of science is the body of
knowledge about science, “a body of concept-commitments about the nature of the
subject matter functioning as a guide to inquiry” (Schwab, 1962, p. 203). He further
described the syntactic structure as “the pattern of the discipline’s procedure, its method,
how it goes about using its conceptions to attain its goal” (Schwab, 1962, p. 203). These
conceptual structures (substantive and syntactic) of science may not be distinguished
clearly from each other (Fenstermacher, 1980); nevertheless, appealing to them
separately allows for closer analysis of earth system science. Because the purpose of this

study is to examine teachers’ knowledge of scientific fact and concepts, I focus on the

11



substantive structure of ESS to define the important knowledge (facts and concepts)

within ESS.

Substantive structures delineate the subject matter and boundaries of the science
disciplines and determine what specific problems can be considered (Finley& Stewart,
1982). ESS is a new discipline that deals with our planet as a complex, interacting
system instead of studying isolated parts of the earth’s systems as has been typical in the
earth sciences (Lawton, 2001). However, it is difficult to define the substantive structure
of ESS because earth system knowledge (ESK) has been generated by interdisciplinary
methods and could be shared with other social and science disciplines. Thus, instead of
showing clear and distinct subject matter, it would be better to identify boundaries of the
ESS discipline about what earth system scientists study about earth system and what kind

of ESK knowledge they generate.

In 1986, Francis P. Bretherton developed the “Bretherton Diagram” which shows
the complex network between earth’s physical system and the human dimension. Figure
2.1 shows a simple version of the “Bretherton Diagram”. It includes three important
components of the earth system: human activities, physical climate system, and

biochemical cycles.

12
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Figure 2.1 Bretherton’s Diagram (From Earth System Science: Overview: a

program for Global Change (National Aeronautics and Space Administration), 1986)

In the diagram, Bretherton tried to conceptualize the earth system from the
perspective of physics and chemistry and to describe human dimensions as a black box.
Bretherton separated humans from other life forms that are part of the biochemical cycle
because there was high uncertainty about human impact on earth systems. However,
Bretherton’s diagram shows us important concepts of ESS. It emphasizes
interconnections between sub-systems and dynamics driven by external forces of energy,
such as solar energy. It also emphasized that the processes in the earth systems operate on

different time scales.

In the 1990’s, computer technologies allowed earth system scientists to calculate
human impact on earth systems and to develop a mathematical analysis of the earth
system, the Earth System Analysis (Schellnhuber, 1998). Based on Bretherton’s idea,
Schellnhuber (1998) suggested the Earth System Equation, which is a formula that

expresses the elementary insight that the overall system contains two main components,
13



namely the ecosphere N and the human factor H. The equation is E = (N, H), where N=

(a b, c,..); H= (A, S). He explains the equation as follows:

“N consists of an alphabet of intricately linked planetary sub-spheres a
(atmosphere), b (biosphere),c (cryosphere; that is, all the frozen water of Earth),
and so on. The human factor is even more subtle: H embraces the ‘physical’ sub-
component A (‘anthroposphere’ as the aggregate of all individual human lives,
actions and products) and the ‘metaphysical’ sub-component S reflecting the
emergence of a ‘global subject.” This subject manifests itself, for instance, by

adopting international protocols for climate protection” (p.C20-C21)

For example, to describe the water cycle in the earth system, earth system
scientists need to understand the ecosphere (N) interactions: physical laws that can
explain the water current in ocean, atmospheric circulation, chemical components of the
water, historic data for earth surface temperature and how the water cycle is affected by
earth surface characteristics, and earth rotation that is also affected by the earth energy
budget determined by solar energy. But equally important scientists need to precisely
predict the human factor (H); how humans and society’s decisions about water resource
and management affect water in earth systems. In other words, human activity in
individual life as well as in society is considered one of the main factors that could
change earth system phenomena. Schellnhuber (1998) emphasized that studying the
interactions between human and earth ecosystems and generating knowledge about these
interactions is the main purpose of the discipline of ESS. The work of earth systems
scientists, as described by Bretherton and Schellnhuber, illustrates the main components
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of earth systems. Assuming the uncertainties and complexity of earth system phenomena,
what earth system scientists have been trying to understand about earth systems can be
classified into three areas: 1) Earth physical systems, such as the climate system, 2) the
cycling of organic and inorganic matter such as carbon and nitrogen through earth sub-
systems and 3) interactions between earth’s ecosystems and humans. These three

categories show us a rough boundary of the subjects within the discipline of ESS.

Phase 2: An Ontology for Earth System Science for Education

Teachers need to understand these three boundaries of ESS in order to reorganize
the earth science concepts that have typically been taught in secondary schools and to be
able to teach earth science concepts in regards to the concept of earth systems. More
importantly, teachers need to conceptualize earth science concepts as related to systems
in order to help their students understand earth science concepts as part of earth system

behavior.

People conceptualize natural phenomena based on their knowledge, experience,
observation, and senses. Chi, Slotta, & Leeuw (1994) suggested that people conceptualize
entities in the world within three distinct ontological categories: Matter, Process, and
Mental states. As | am discussing scientific concepts, | exclude the category of Mental
states in the following discussion. Chi, et al, (1994) explained that objects in different
categories have different ontological attributes. For example, objects in the Matter
category, such as rocks and water, have ontological attributes such as “having weight,” or
“having volume,” and objects in the Process category, such as season and rain, have its

own distinct set of attributes like “occurring once a year,” or “resulting in,” (Chi, et al.,
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1994, p.29). In other words, the meaning of a concept is determined by the ontological

category to which the concept is assigned (Chi, et al., 1994, p.27).

Based on Chi, et al., (1994)’s work, Libarkin and her colleagues (2005) suggested
five ontological categories in earth system context which are Matter,. Transformation,
Proto-process, Process, and System. However, the categories of Transformation and
Proto-process would generally be placed in the Matter and Process categories,
respectively, in the original schema of Chi, et al., (1994) (Libarkin & Kurdziel, 2006).
While Libarkin et al., (2005) added the System category in the original schema but they
did not address what would be the interpretation of students’ understandings of the

system for this category.

Unfortunately, there is not much research about students’ mental models within
the ESS context that could show clear distinctions between the Matter, Process, and
System categories in terms of peoples’ conceptualization of earth system phenomena.
Recent studies suggest two perspectives regarding this issue: 1) how the teachers and
students conceptualize earth system materials such as water, rock, or even fossil, more
likely as a static object rather than consistently processing (Ben-Zvi Assaraf & Orion,
2005; Liberkin & Kurdziel, 2006; Raia, 2005; Sell, Herbert, Stuessy, & Schielack, 2006),
and 2 ) even teachers’ and students’ understandings of processes of earth natural
phenomena such as fossilization are not enough to show their understandings of systems

(Liberkin et al. 2005; Raia, 2005).

Libarkin et al. (2005) argued that how a person conceptualizes an ESS concept is

related to the person’s detailed scientific knowledge about the concept. For example, if a
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student does not know about the process of how a fossil is formed, then s/he understands
fossils as just matter and student might put the fossil into the ontological category of
Matter whereas an earth system scientist would put the fossil into the category of System
(Liberkin & Kurdziel, 2006). Forrester (1997) emphasized that our intuitions and
experience of simple systems (that could be interpreted within simple cause and effect)

obstruct the complete understandings of the system structure of complex systems.

“People seldom realize the pervasive existence of feedback loops in driving
everything that change through time (p.6)” ....Complex systems behave in ways
entirely different from our expectations derived from experience with simple
systems. Because intuition is based on simple systems, people are misled when

making decisions about complex systems” (p.10)”

As the above quote demonstrates, people often try to understand complex natural
phenomena by interpreting knowledge they already know from similar situations.
Conceptualizing earth as a system requires understandings of systems behavior including
understanding of the dynamic interactions of earth systems involving complex
interactions between earth’s sub-systems, how different levels of systems affect other
systems (Global vs. local), and the variables that affect the interactions, such as energy
sources and surface conditions (Raia, 2005). In the following section, | discuss what the
literature implies about the relationship between people’s knowledge of ESS concepts
and conceptualization of an ESS concept as system. Through the following literature
review, I try to find the relationship between how teachers’ conception of water in earth
system is associated with their scientific knowledge of water in earth system.
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Phase 3: Key Earth System Knowledge (ESK)

In this section, | define the knowledge that is needed to conceptualize an earth
science concept as a system. Because there is not enough research about teachers’
knowledge of specific earth science concepts, I first review the literature on ontological
categories of earth science concepts, systems thinking in the earth science context, as
well as general research on systems thinking. | found that the following knowledge
frequently appears in the literature in regards to peoples’ understandings of earth systems:
knowledge about the scale of time and space of earth system phenomena (e.g. Orion &
Ault, 2007); knowledge about energy that is the driving force of earth system interactions
and knowledge about earth system behaviors within feedback loops, between different

levels of a system, and subsystem boundaries (e.g. Raia, 2005).

Many concepts in earth science are not visible or are difficult to see as a complete
system (Callison, 1993). Peoples’ understanding of the time scale of earth system
phenomena is an important component to conceptualizing ESS concepts as system.
Students’ understanding of a time scale in earth system phenomena affect their
understandings of the actual impacts of earth system phenomena on the bigger or smaller
earth system. For example, without knowing about the time scale of an ocean current,
people could not understand how long the BP oil spill will take to impact certain
locations along the coastline and spread to the Atlantic Ocean. Trend (2000, 2001) found
that a personal mental framework of geologic time affected understandings of longer term
earth system events. In these studies, pre-service teachers’ perceptions of geo-events in

earth’s geological past fell into three distinct clusters: extremely ancient, less ancient and
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geologically recent and they do not understand concrete time scale of longer term earth

system events.

Knowledge of spatial scales in ESS context is also important to understand earth’s
natural phenomena as a system. For example, in order to understand the water cycle as a
system, an understanding of the impacts of the change of the amount of water in different
spatial scales is required (Change, 2005). Unfortunately, there is little research about how
people’s knowledge of different spatial scales in earth system affects their understandings
of Earth systems processes. However, there is some evidence that the knowledge of
spatial scale is related to the understandings of the fundamental concept of earth as part
of larger system. For example, pre-service teachers’ understanding of the spatial scale of
the earth-sun-moon system affects their understanding of the cause of day and night, and
seasons (Atwood & Atwood ,1996: Schoon & Boone, 1998; Schoon, 1995). If pre-service
teachers do not understand the spatial scale of the earth-moon- solar system, it also
affects their lack of understanding about the motions of celestial objects and can cause

misconceptions about the phases of the moon (Trundle, Atwood, & Christopher, 2002).

Knowledge of earth system energy sources, flow, and transformation is also
important to understand earth system phenomena as a system. Most earth system
phenomena can be interpreted as reactions to the variability of the amount of the energy.
Without knowledge about earth system energy sources (earth interior heat and solar
energy) and how these energy sources are related to earth surface conditions such as
temperature, pressure, and elevation, it is hard to define major energy sources as the
driving force of earth system phenomena. For example, pre-service teachers could not
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understand the greenhouse effect and how earth keeps a constant surface temperature
because they are uncertain about energy exchange between the sun, earth, and space

(Summers et. al, 2001).

Knowledge of system behaviors, such as feedback loops, (e.g. Robert et al. 1994)
as well as system behaviors within different system levels (Wilensky & Resnick, 1999),
are especially important to understanding earth system phenomena as a system. System
behaviors are defined as a complex mechanism of how a system is working (Goel &
Chandrasekaran, 1989). For example, in the global climate system, global temperature
changes through the feedback loops mechanism. It is hard to explain the mechanism by
simple causality because it requires an understanding of complex physical structures of
earth system as well as time-delayed causality of how other components (e.g. carbon
dioxide or water molecules) react to global temperature change. Resnick (1996) describes
another example of system behavior using a traffic jam as an example. In a traffic jam,
the individual cars are moving forward slowly, whereas the jam itself is moving
backwards (Resnick (1996)). In this example, Resnick (1996) demonstrates that traffic is
a system (organization of the individual cars) that behaves unexpectedly as the

component of the system (the individual car).

Understanding system levels, such as how the global scale of earth system
behavior affects local change or how macro-level (e,g, mineral) change affects micro-
level change (e.g. molecular) is also important to understanding complex systems (Raia,
2005). Wilensky & Resnick (1999) argue that, “this notion of levels is central to
understanding the emerging “sciences of complexity”—the investigation of how complex
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phenomena can arise from simple components and simple interactions” (p.5). However,
many people do not understand the notion of levels correctly in the context of system
interactions because people who do not understand certain behaviors or characteristics on
one level could lead to desired behavior on another level (Wilensky & Resnick, 1999).
For example, an ocean wave is not the movement of water molecules but the movement
of energy. However, students do not understand how ocean waves transfer energy
because they do not know the different system levels (macro level of ocean waves and
particulate level of a water molecule). If people cannot find concrete causality between
two levels of behavior, they do not understand the connections between the two levels

and neglect the fact that they are behaving as a system (Wilensky & Resnick 1999).

Student’s conceptions of earth system boundaries have not been studied.
However, the concept of system boundary is also important to understand interactions
between earth-sub systems. Depending on the system interactions, system boundaries are
determined as open or closed. Earth sub-systems are interconnected and interact with
each other. In other words, most of earth’s sub-systems have boundaries that are open and
components of the systems are moving and interacting through it. For example, the ocean
is an open boundary system and it interacts with the atmosphere above it. It interchanges
chemicals and energy with atmosphere, such as water molecules and carbon dioxide.
Understanding the system characteristics is important. Without knowledge of the systems
behaviors, levels and system boundaries, people attempt to use the simple causality that

they are familiar with to understand complex system behaviors.
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As the above literature demonstrates, peoples’ knowledge of time and space, earth
system scale, system boundaries, and energy and its transformation is important to
conceptualize earth science concepts as System. Particularly, an understanding of system
behaviors, levels, and boundaries are important to conceptualize earth science concepts as
a System. In other words, what people know (knowledge of ESS) is related to how people
conceptualize earth science concepts (ontology). Knowledge of concrete objects in earth
systems, such as earth’s physical systems and materials, is not enough to conceptualize
earth science concepts as a Process. Knowledge of a process and variables in earth
system (earth system physical and chemical process, energy, and energy transformations)
might not be enough to conceptualize earth science concepts as a System. Knowledge of
earth systems (earth system levels, boundaries, behaviors (e.g. feedback loops)), time and
space scale, and energy source are required to understand earth science concepts as a
System. To describe the kinds of ESS knowledge | categorized in the table, | use the term
Key Earth System Knowledge (ESK). Figure 2.2 presents the relationship between Earth
System Knowledge (ESK) and the different ontological categories: Matter, Process and
System. For example, to conceptualize an earth science concept as a Process, people may
need to possess knowledge for the Matter category as well as specific knowledge for the
Process category. Likewise, the System category needs knowledge from both the Matter

and Process categories as well as specific knowledge for System.
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Boundaries between sub-systems (open or closed)

Levels within a system (e.g. micro-macro)

Feedback loops (e.g. equilibrium, stability of the

Key ESK process in earth systems)

Energy budget of the earth system and energy
transforming through feedback loops

Time and spatial scale of system interactions

Earth material’s chemical (e,g. chemical reaction) and physical (e.g. evaporation and

erosion) change
Energy and Earth surface conditions (e.g. temperature, air pressure, elevation)

Time and space variables in the processes in earth natural phenomena

Earth physical structure (e.g. Earth inter layers and atmosphere, water reservoirs)

Earth material (e.g. chemical components such as CO2, water)

Matter Process System

Figure 2.2 Key ESK to Conceptualize ESS Concept into Different Level of Ontological Category
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Phase 4: The Earth System Knowledge Framework (ESKF)

Based on the literature review of how students and teachers conceptualize ESS
concepts using their related knowledge, | argue that the ontological categories could
represent the kinds of knowledge about ESS concepts that people possess. In other
words, students and teachers conceptualize an ESS concept as matter, a process, and a
system depending on the kinds of Key ESK they possess. | developed a framework to

show the relationship between the Key ESS knowledge and ontological categories.

ESKF has a two dimensional structure: one dimension shows the ontological
categories and the other dimension shows Key ESK (presented in Figure 2.2) that is
needed to conceptualize ESS concepts into certain ontological categories. | divided the
Process category into two different categories: Linear Process and Multiple Process
based on the literature that states that people conceptualize an ESS concept as different
kinds of processes (e.g. Ben-zvi-Assarf & Orion, 2005; Libarkin & Kurdziel, 2006). A
linear process basically means that teachers simply conceptualize an ESS concept as a
process but do not know specific mechanisms of why and how it processes in a certain
way. For example, if a teacher conceptualizes water as a linear process, they may know
water moves in a certain direction for a short time period however they cannot predict
how it moves in a longer term period. On the other hand, Multiple Process means that
teachers conceptualize an ESS concept as complex interactions and know a specific
mechanism of how it processes or interacts with other system or system components.
The following Table 2.1 presents the relationship between the Key ESK and ontological
categories, called Earth System Knowledge Framework (ESKF). Table 2.1 also includes

propositions using the Key ESK knowledge. The propositions under the category of
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Matter are directly related to the Key ESK category, “Earth material and physical
structure,” in the very left column because it shows knowledge about chemical or
physical characteristics of Matter. The propositions under the category of Linear
Process are also directly related to the left column, Key ESK, because if a person
conceptualizes ESS as a Linear Process, they interpret the process based on simple
causality or declarative scientific facts (e.g. water moves because of gravity or water
stays longer in a glacier). The propositions under the category of Process and System do
not belong to one of the Key ESK categories. As | described earlier, these propositions

show a higher level of knowledge that is produced by more than one Key ESK.
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Table 2.1
Earth System Knowledge Framework (ESKF)

Ontological Category

Matter Process

System

Matter and Structure Linear process Multiple interactions

Complex system behaviors

Molecular characteristics of

Earth Basic components of earth and — The relationship between earth

material and  earth surface and interior

material and physical structure

the earth materials and its

physical structure (e.g. water can be held in minerals  role in different spheres
structure and rocks) ,
Earth’s structures as
- - - 1 d sph
Physical and The relationships between earth overapped spheres
. X ) (atmosphere, biosphere,
chemical material changes (chemical and
) .. hydrosphere etc.)
change of physical and conditions that affect
earth the change (earth physical Multiple variables
materials structures, humidity, temperature) ~ (structural variables, time
E 5 transfor th T ohermical variable, energy variable,
v nergy nergy transfer through chemica
4 source and physical change of earth and so on) that cause the .
0 phy; ang movement of earth material,
> material (elevation change, gas physical and chemical
M pressure, temperature change) change through networks
Time and Time and space scale of earth between different spheres

space scale

System
behaviors,
boundaries,
and levels

material and physical structure
change

Human activity causes
pollution and it affects
many other aspect of
ecosystem.

System behaviors in different
system levels (micro or macro)
and between systems
(overlapping boundaries)

-Earth materials’ physical and
chemical change as part of
earth system behavior

The function of energy.
moving and transfer through
earth system behavior and its
effects in earth system energy
budget

Time and space scale of earth
system behavior (feedback
loops)

Human activity affects entire
earth system through system
behaviors.

Human is interacting with
earth’s natural environment by
changing ecosystem
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Subject Matter Knowledge for Teaching Earth System

Teachers’ Understanding of Earth System

The study of teachers’ understanding of earth science concepts has occurred most
recently in teachers’ SMK literature (Abell, 2007). Particularly from the perspective of an
earth system approach, the study of earth science concepts held by K-12 teachers has
been slow to shift from a focus on separate sub-disciplines to a focus on an integrated
earth system. While some research focuses on teachers’ understanding of more complex
natural phenomena such as global warming (e.g. Dahl, Anderson, & Libarkin, 2005;
Ekborg, 2003; Khalid, 2003; Kikas, 2004; Summers, 2000, 2001; Trend, 2001), most of
the research on teachers’ understanding of earth science has been repeatedly investigated
small, isolated concepts such as causes of day and night, seasons (e.g. Atwood &
Atwoo0d,1996: Schoon & Boone, 1998; Schoon, 1995), moon phases (e.g. Trundle,
Atwood, & Christopher, 2002; Schoon, 1995; Suzuki, 2003), and plate tectonics (e.g.
Libarkin & Anderson, 2005; King, 2000). Yet, not a single study examined teachers’
understanding of the concept of “systems” in general earth science context or as it is

applied to the earth system in particular.

The current body of research demonstrates pre-service teachers’ lack of
understanding of earth science concepts as well as their lack of awareness of the earth as
a system. For example, many of the teachers thought that Earth’s core is liquid or molten
(Libarkin & Anderson, 2005), the earth’s mantle is solid (King, 2000), there is a large
portion of carbon dioxide in the atmosphere (Summers et al., 2000), and the ozone layer

is composed of dust or liquid (Dove, 1996). Pre-service teachers also believe that ozone
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layer depletion is a form of large scale pollution related to acid rain, greenhouse effect,
and marine pollution (Boyes et al., 1995; Dove, 1996). Most of the teachers in these
studies were unaware that natural events also could cause environmental problems. For
example, volcanic activity can cause a depletion of the ozone layer or acid rain (Boyes et
al., 1995; Dove, 1996). In their research about teachers’ understanding of carbon cycle,
ozone, and global warming, Summers et al., (2000, 2001) argue that teachers have little
awareness of the earth as a system and do not connect these phenomena with the concept
of earth system interactions. For example, teachers are uncertain about energy exchange
between the sun, earth and space (Summers et. al, 2001) and they do not understand how
human activities increase the concentration of greenhouse gases and the feedback effect

of the increase of greenhouse gases on human life (Summers et al., 2000).

However, the current studies do not address how the teachers’ limited
understandings of certain earth science concepts is related to their understanding of the
ESS perspective of earth system. The earth system concept is very complex because it

requires an understanding and familiarity with many interdisciplinary scientific concepts.

Teachers’ understanding of the concept of earth system, specifically, earth system
interactions or behaviors, concepts of scale of time and space in system interactions, have
not been studied. A lack of research on pre-service and in-service teachers’ knowledge of
earth system is problematic. Moreover, few studies involved in-service teachers, who will
do most of the K-12 earth system teaching. Instead, the majority of the current studies
were conducted with pre-service elementary teachers. This lack of research is
problematic because it influences the teachers’ practice, their selection of curricular
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activities and their critiques of specific curriculum (Grossman, 1990; Kinach, 2002;
Sperandeo-Mineo, Fazio, & Tarantino, 2005). In the following section, I discuss teachers’
subject matter knowledge (SMK) and how it is related to the teaching practice through a

review of the literature.

Teachers’ Subject Matter Knowledge (SMK) for Science Teaching

In the early 1980s, Shulman argued that teaching effectiveness is much more
related to how teachers represent subject matter knowledge than their generic teaching
behavior (Shulman, 1986; 1987). Based on the belief that teaching quality and
performance are domain specific rather than general, he argued that the study of teaching
had ignored the interaction between content knowledge and pedagogy by using the term,
“the missing paradigm.” Shulman (1986) defined seven categories of teacher knowledge
to characterize the professional knowledge base for teaching: content knowledge, general
pedagogical knowledge, curriculum knowledge, pedagogical content knowledge (PCK),
knowledge of learners, knowledge of educational context, and knowledge of educational
purposes. In the seven categories, he introduced PCK as the central teacher knowledge
for teaching subject matter. As Shulman (1987) defined, it is a “special amalgam of
content and pedagogy” (p.8) and interconnects other teacher knowledge categories

(Grossman, 1990; Shulman, 1987).

According to Shulman (1987), PCK is a unique form of teacher knowledge that
can allow teachers to represent and formulate the subject matter in a way to make it
comprehensible to others. It also includes an understanding of the factors that make

learning specific topics either easy or difficult. During the last 20 years, scholars in
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teacher education have tried to identify this unique form of teachers’ knowledge for
teaching subject matter as well as to define the differences between the subject matter
knowledge of the professional community and the subject matter knowledge for teaching
(e.g. Ball, Thames, & Phelps, 2008). Yet, there is no agreement between scholars about
PCK. In much of the literature, PCK has been described using a variety of different
components: teaching beliefs, pedagogical orientation, reasoning, or even
epistemological understandings. The problem of defining PCK is exacerbated by the
complex nature of PCK, and that PCK is unique for individual teachers and is developed
by cognitive reasoning processes or pedagogical reasoning in a specific teaching practice

or context (Shulman, 1987).

Next, | will address the specific discussions of PCK within the context of science
teaching. First, Shulman’s (1986) key point of PCK is that knowing how to effectively
teach particular scientific ideas is not solely a pedagogical question; it is impacted very
considerably by the nature of the science discipline and scientific content knowledge
(Barnett & Hodson, 2001). Next, there are several PCK models that have been
specifically developed for science teaching (e.g. Barnett & Hodson, 2001; Magnusson et
al., 2001). Furthermore, the definition of PCK in science teaching is not much different
from general definitions of PCK in other content domains. However, the literature
dealing with PCK in science teaching could be summarized using three unique aspects of
the domain: 1) science teachers’ particular views of teaching and learning within a
science discipline, 2) science teachers’ understanding of the domain specific content

knowledge, 3) and the subtleties of their practice in response to learning science and
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demands of their students (Loughran, Mulhall, & Berry, 2004). My discussion about PCK
in science will focus on the second aspect, which includes how science teachers’
understanding of domain specific content knowledge affects the planning aspect of their

teaching practice.

In the science teacher education literature, studies on teachers’ science subject
matter knowledge (SMK) and its impact on science teaching practices have increased
during the last 20 years. Science teachers’ SMK has been discussed in the literature not
only in regards to teachers’ conceptual understandings or misconceptions of specific
content knowledge but also in regards to their beliefs about content knowledge and nature
of science (e.g. Brickhouse, 1990; Lederman, Gess-Newsome, & Latz, , 1994; Lederman
1999; Kinach, 2002; Sperandeo-Mineo et al. 2005). Teachers’ SMK has been considered
a core factor that contributes to their selection of particular curriculum (e.g. Gess-
Newsome, 2001b), to their critiques of specific curriculum (e.g. Grossman, 1990), to their
decision to use specific instructional strategies, and consequently to students’

opportunities to communicate in classrooms (e.g. Carlsen, 1991).

In reviewing literature on science teachers’ SMK, Gess-Newsome (2001)
categorized the studies in five groups: 1) teacher’s conceptual knowledge of concepts or
facts that have been accumulated and developed in a certain discipline (e.g. Carlsen,
1991; Hashweh, 1987); 2) teachers’ understandings of subject matter structure in a
discipline (e.g. Gess-Newsome& Lederman, 1993; Lederman & Zeidler 1986); 3)
teachers’ understandings of the nature of a discipline (science) (e.g Brickhouse, 1990;
Lederman et al, 1994; Lederman, 1999); 4) content specific orientations to teaching that
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are about teachers’ ideas about content and how the content should be taught (e.g.
Gudmundsdottir, 1990); and 5) contextual influences on curricula implementation such as
grades, text books, or school context. As these categories show, science teachers’ SMK is
not just about their understanding of specific science content or concepts but also their
understanding of the discipline and how science content knowledge is organized and

structured in a scientific discipline.

This study specifically probes teachers’ conceptual understanding (knowledge) of
specific concepts (water) as well as how they understand the concepts (water) in relation
with other concepts in a larger context (water in earth system) affects their choice of
lesson topics and content knowledge. Thus, | narrow my literature review to literature
that is related to the teachers’ conceptual understanding of scientific concepts and how
these two aspects of teachers’ SMK affect their selection of topics and content knowledge

for teaching specific concepts of water in earth system.

Science Teachers’ Conceptual Understandings of Scientific Concepts and Choice of
Lesson Topics and Content Knowledge

Gess-Newsome (2001) defined teachers’ conceptual knowledge as “the facts,
concepts, principles, and procedures that are typically taught in secondary school
classrooms” (p. 55). She also emphasized that the teachers’ conceptual knowledge is
different than “declarative knowledge” that she had studied earlier about the relationship
between teachers’ subject matter knowledge and student achievement. In her definition,

teachers’ conceptual knowledge is “knowledge that is rich in relationships™ or “richly
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integrated knowledge” that is distinguished from the knowledge that has traditionally

been tested in achievement tests in the past (p. 55).

Gess-Newsome (2001) also defined subject matter structure as networks of
relationships between conceptual knowledge. In the following, she describes how the

subject matter structure is different than conceptual knowledge:

Conceptual knowledge is assumed to be organized in long term memory in a
manner that is structured, integrated, and facilitates the storage and retrieval of
information (Gagne & Glasser, 1987; Hiebert & Carpenter, 1992). Such networks
of relationship, more formally called knowledge structure, are unique to the
individual, may be contextually bound, and are emotionally more neutral than
beliefs (Champagne et al, 1981; Roehler et al., 1988). It is intuitive to assume that

teachers would have a knowledge structure for their subject matter (p. 56).

Gess-Newsome distinguished the literature on teachers” knowledge of subject
matter structure from the literature on teachers’ conceptual knowledge. The literature on
teachers’ content knowledge is described in two different ways: in- depth knowledge on a
certain topic or concept (conceptual knowledge) and broader knowledge around the
certain concept as it relates with other concepts in a discipline (subject matter structure).
However, it is difficult to separate the concept of conceptual knowledge from the concept
of subject matter structure in terms of their influence on the teaching practice. Both
teachers’ conceptual knowledge and knowledge of subject matter structure were
interpreted very similarly in the literature of science teachers’ SMK and its impact on the

teaching practice. For example, in Gess-Newsome & Leaderman’s (1995) study of five
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biology teachers’ subject matter structure, the concept of the teacher’s subject matter
structure was used to describe “levels of content knowledge” (p. 317). They assume that
if teachers have more knowledge in a discipline, they have more complex subject matter
structure in a discipline. The definition of teachers’ subject matter structure seems to be
highly related to the depth of the teacher’s conceptual knowledge in a discipline in the

science teachers’ SMK literature.

Teachers’ conceptual understanding of an ESS concept includes both conceptual
knowledge (in-depth knowledge about a concept) and subject matter structure
(knowledge of the relationship between a concept and bigger concept of earth system). In
this study, teachers’ understanding of water in earth system is not about teachers’ content
knowledge of water in earth science. Instead, it is about teachers’ understandings of how
the concept of water is interconnected and structured with related scientific concepts to
explain a larger concept of the earth system. In this study, I use the term, “teacher’s
conceptual understandings,” to capture both their content specific knowledge in a concept
(water) and their knowledge of the relationship between the related concepts and the

bigger concept of earth system.

In general, science teachers’ conceptual understandings and their practice have
been studied to find the connections between their content specific knowledge in a
discipline and their teaching practice in various aspects. Generally, as the teachers gain
more content background, they have more confidence in regards to the content and

consequently rely less on officially approved materials (Hashweh, 1987; Lantz and Kass,
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1987), present more knowledge of related concepts (Hashweh, 1987), and ask high level

questions in problem solving situations (Barba and Robba, 1992; Carlsen, 1991).

Some of these studies specifically address the relationship between teachers’
depth of knowledge in certain disciplines and its relationship with their lesson planning.
Hashweh (1987) studied science teachers’ conceptual knowledge in physics and biology
and their lesson planning using the conceptual knowledge. Hashweh (1987) found that
teachers who possess minimal subject knowledge followed the textbook structure closely
for their lesson planning. Hashweh (1987) also found that the teachers who were
knowledgeable in a certain discipline were able to organize and relate lesson topics to an
important discipline conceptual scheme. Also, the knowledgeable teachers were more
flexible in chooing concepts for their lesson planning. They deleted concepts from a
given textbook if the concept contradicted their prior knowledge and the theme they had
chosen for the lessons. There are also other studies that support the idea that the teachers
who have more content background knowledge rely less on officially approved material
when they choose lesson content and topics. (e.g. Hollon, Roth, and Anderson, 1991,

Lantz and Kass, 1987).

Teachers’ depth of content knowledge has also been investigated in a way that
presents the relationship between content knowledge or subject matter structure (e.g.
Gess-Newsome and Lederman, 1993; Lederman, Gess-Newsome, & Latz, 1994;
Lederman, 1994). These studies found that teachers who possess more complex subject

matter structures of a discipline, for example biology, can translate a more coherent view
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of biology to students and select the most appropriate topics to be included in the

curriculum.

In summary, science teacher’s conceptual knowledge in specific concepts and
knowledge of the relationship between the concepts and other related concepts are
important for their lesson planning in terms of choosing and organizing topics and
relating the topics to other concepts and specific content knowledge. Moreover, science
teachers’ conceptual knowledge and understanding of the relationships between the
important concepts in a scientific discipline is affected by the science discipline they

trained in and developed through their teaching experience.

In the earlier part of this chapter, | developed a framework of Earth System
Knowledge (ESKF) using main ideas from ESS to measure teachers’ conceptual
understandings of ESS. In Chapter IV, | describe each participant’s conceptual
understanding of water in the earth system using ESK as well as their lesson plans using
the concept of water in earth system. The relationships between each teacher’s conceptual
understandings of ESS and the pedagogical decisions they make when they develop
lesson plans for teaching water in earth system is described in Chapter V as a cross-case

analysis.
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CHAPTER Ill: METHODOLOGY

Overview

In this chapter, I describe the research design and methods | employed to conduct
this dissertation. This study is qualitative in nature and employs multiple case studies. |
purposefully selected five secondary science teachers who each played a unique role in
showing different perspectives to understand the complexity of the relationships between
teachers’ conceptual understandings of a scientific concept and their lesson development.
| collected data from multiple sources, including interview and lesson plans, from each of
the teachers and used an interpretive and inductive data analysis method (Miles &
Huberman,1999). The specific strategies to establish validity of the data analysis
procedures, researcher’s background, and limitations of the study are also addressed at

the end of this chapter.

Methodology
This study qualitative in nature and employs multiple case studies (Merriam,
2001) in which each teacher presents a single case giving a unique example of their
conceptual understandings of water systems and its relation to their lesson plan
development. As Creswell (2007) described, “Qualitative research is a form of inquiry in
which researchers make an interpretation of what they see, hear, and understand” (p.39).
More importantly, the purpose of qualitative research is not to find “tight cause and effect

relationships” of a problem or issue but rather “develop a complex picture of the problem
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or issue under the study” (Creswell, 2007 p. 39). This study uses interpretive approaches
to determine how teachers’ conceptual understandings of earth systems relate to his or
her lesson development rather than to find a causal relationship between these two
factors. The data analysis process is inductive and focuses on establishing patterns or
themes from the data. | also utilize different strategies to support the validation of the
data analysis process, such as using multiple data sources (multiple interviews, lesson

plans, and images), peer review and participant review.

This study employs a multiple case study method (Merriam, 2001). “Case study
research involves the study of an issue explored through one or more cases within a
bounded system (i.e., a setting, a context)” (Creswell, 2007). In terms of its bounded
context or setting, case studies are different than other qualitative research methods, such
as ethnography. Case studies are also reported as being rich in description of the case
within its context or setting. In multiple case studies, each case is seen as a single case
study but in a similar context with other cases. Therefore, a case study, or participant,
should be selected carefully and purposefully. | selected my participants to show different
perspectives on the problem in this study. The reasons for my purposeful selection as
well as the description of each participant are described in detail in the Participants
section. The multiple case studies approach allows for finding different perspectives on
the issue of lesson plan development (Creswell, 2007) and also allows using the logic of
replication (Yin, 2003). In other words, | could replicate the study using multiple cases
and this replicated process could improve the construct validity of the study to establish

patterns of themes from the multiple cases.
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Participants

Five secondary science teachers were purposefully selected for the study using
two guidelines: 1) they must have taught earth science or environmental science for at
least two years at the secondary level (Grades 7 -12) and 2) they must be trained and
certified to teach either earth science or another scientific discipline (general science,
biology, chemistry, or environmental science). I assumed that because of the teachers’
differences in background knowledge, their conceptions of earth systems would also be
different. Two of the teachers taught environmental science and earth science in urban
schools and three of the teachers taught earth science in suburban schools in the
metropolitan area of Minneapolis and St. Paul, Minnesota. One teacher was African
American and the others were Caucasian. Table 3.1 presents demographic information

about the teachers.
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Table 3.1

Demographic Information about the Teachers

Teacher Academic Certification Teaching Years of School
Degree Grade and Teaching Type and
Subject Experience  Location
Basia Ph.D Chemical Life Science and 9™ -10™ grade 3 years High
Engineering Chemistry  (9- Environmental School
12" grade) Science (Urban)
Olivia BS Biology and Earth  Science 11" 12" 2 years High
Resource (9-12" grade) grade  Earth School
Management Science (Suburban)
and MS
Environmental
Science
Rebecca  BS  Nutrition General Science 8" grade Earth 3 years Middle
and Biological (5-8th grade) science School
Science, and and Life Science (Urban)
MS Science (9-12th grade)
Education
Anna BS  Geology Earth  Science 9" grade 10 years High
and MS (9-12th grade) Physics  and School
Geochemical 1" -12 (Suburban)
Oceanography grade  Earth
Science
Amy BS Geology General Science gt grade Earth 3 years Middle
and Geophysics (5-8" grade) and Science School
and MS Earth  Science (Suburban)
Science (9-12" grade)
Education

Basia has a Ph.D in Chemical Engineering with a focus in biotechnology and is

certified to teach 9™-12™ grade chemistry and life science. She taught a 9-10" grade

Environmental Science course for English as a Second Language (ESL) students in an

urban high school. She took one course (geology) related to earth science during her

higher education and her background knowledge about earth science and water systems
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came primarily from several short professional development courses and her own

readings in earth science.

Olivia has a bachelor’s degree in Biology and Resource Management and a
master’s degree in Environmental Science. She took a lot of college-level courses related
to earth sciences, especially on water and soil. She taught earth science courses for 11th
graders every quarter and at the time of the interview, she was in her second year of
teaching. She also has other teaching experiences related to earth science, such as
teaching environmental science in a charter school for one year, working as a summer
camp instructor teaching about water and water quality using hands-on activities for 7-10
year olds, and volunteering at the nature center teaching environmental education for

elementary grade students.

Rebecca has a bachelor’s degree in Nutrition and Biological Science. She is
certified to teach General Science for 5-8" grade and Life Science for 9-12™ grade. She
has been teaching earth science for three years at a junior high school in an urban area.
Her earth science background is based on college-level general science courses, a
graduate-level limnology course, as well as professional development courses. She also

has personal experience of canoeing along the Mississippi River.

Anna has a bachelor’s degree in Geology and a master’s degree in Geochemical
Oceanography. She teaches 9" grade physics and 10-11" grade earth and space science
courses at a suburban high school. For the space science course, she teaches four quarters
that each have a different focus (geology, hydrology, meteorology and astronomy). At the

time of the interview, she had been teaching secondary science for ten years (including
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teaching physical science for nine years and earth and space science for nine years). She
also has research experience in geochemical analysis of sediments from her master’s
program and experience as a teaching assistant in a college-level Oceanography

laboratory.

Amy has a bachelor’s degree in Geology and Geophysics and a master’s degree in
Science Education. At the time of the interview, she had three years of earth science
teaching experience. She took many college-level courses related to earth science. In
graduate school, she was in a teacher preparation program for 6™ -8 grade middle school
science teachers and 9™ -12™ grade earth science teachers. During the program, she
worked at the National Center for Earth Surface Dynamic (NCED) to develop on-line
education modules. During graduate school, she also researched the geo-surface dynamic
of river systems. Lastly, she developed education resources for educators, including
websites and 3D topographic maps, to show how rivers shape vegetation and delta

formation.

Data Collection

Data for the study was collected during the spring of 2008. The data included
lesson plans developed by the teachers and four separate interviews with each teacher to
determine both the teachers’ Earth Science Knowledge and how they apply this
knowledge in their teaching. The interview procedure can be described as two cycles:
each cycle includes two interviews and follows the same structure. The following Table

3.2 presents the procedure and structure of the data collection.
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Table 3.2

Procedure and Structure of Data Collection

Interview structure

Interview procedures
Data collected
(Focus)

First interview cycle
(Topic: Water)

First interview (1-a) Audio taped interview
(Conceptual understandings)

At least one week interval

Second interview (1-b) Audio taped interview and les
son plans, classroom artifacts

(Lesson planning) (students worksheets)

One week — one month interval

Second interview cycle
(Topic: Water System)

First interview (2-a) Audio taped interview
(Conceptual understandings)

At least one week interval

Second interview (2-b) Audio taped interview and le
sson plans, classroom artifact

(Lesson planning) s (students’ worksheets)

Each interview took approximately 1-2 hours and was audio-taped and

transcribed. Between each interview, the participants had at least one week to complete

their task of designing a lesson and assessment using a given topic (water and water

system). This process allowed me to distinguish the teachers’ conceptual understandings

of water systems from their conceptual understandings of water and how it relates to their

lesson plan. The focus of the interviews and the process of data collection are described

in detail below.

First interview cycle. The first interview cycle included two interviews (1-a and

1-b) about each of the teacher’s conceptual understandings of water and their lesson

planning.
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(1) Interview 1-a focused on probing the teachers’ conceptual understandings of
water. A semi-structured clinical interview protocol (Pines at al., 1978) (Appendix A)
and an image depicting the earth’s water system were developed (Figure 3-1). More
details about the image are described at the end of this section. During the interview, |
asked the teachers to describe their understanding of water using the image as a guide.
The teachers described their knowledge of water by drawing arrows or writing words on
the image. | also used some of the follow-up questions to ask some of the teachers to
explain further, if necessary. During the first interview, I also collected general
information about the teachers’ educational background, interests related to earth science,
and their experience teaching earth science concepts, both informally and in formal
school settings. Following Interview 1-a, teachers were given more than one week to

develop a water unit lesson plan to teach about water (See Appendix C).

(2) Interview 1-b focused on finding the relationship between the teachers’
conceptual understandings of water and their lesson plan using the topic of water. |
developed a semi-structured interview protocol for the second interview and the purpose
of the interview was to capture how the teachers translate their conceptual understandings
(which were captured from the first interview) to the lesson plans. The interview protocol
for the second interview was focused on asking teachers’ about their knowledge of
students, pedagogy, and the school context as well as their subject matter knowledge that
was not explained in the first interview. At the second interview, teachers were also asked
to provide their knowledge of students’ misconceptions and difficulties with specific

science concepts, reasons for the purpose of the lesson, teaching strategies, reasons for
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the purpose of the assessment, and student learning outcomes. (Appendix B). The
teachers prepared lesson plans and bring them for the interview. The lesson plans the
teachers developed were the main resource for the follow-up questions for this interview.
Teachers’ lesson plans, classroom artifacts such as student worksheets, and hard copies of

other resources teachers used to develop the lesson plans were also collected.

Second interview cycle. The second interview cycles included two interviews
(2-a and 2-b). The second interview cycles were conducted at least one week after the
first interview cycle and followed the same structure of the first interview cycle except
the topic was the water system instead of water. Interview protocols for interview 2-a and
2-b were developed to probe teachers’ conceptual understandings of water system as well

as to understand how the teachers apply this knowledge to their lesson plan development.

Image. To probe teachers’ conceptual understandings of water and the water
system, | needed an image that could show important characteristics of the water system,
such as geological structures, water precipitation, water storage, atmospheric phenomena,
and human activities related to water system. First, | found an image that showed the
general water cycle and then | modified it by adding the ground water system as well as a
smaller image of water resources in an urban context to show human and water system
interactions. Using the image, | conducted a pilot study by interviewing two earth science
teachers and one graduate student in early spring 2008. After the pilot study, | was sure
that the image was appropriate for this study. Figure 3.1 (a) shows the image | used for
this study (modified from Chernicoff & Whitney (2002)). The smaller image showing a
detail view of a city in the image was prepared as separately to help the teachers to
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explain detailed water system process related to human activity and ground water. Figure

3.1 (b) shows the amplified image of the view of a city.

(b)

Figure 3.1 Water System Image for Interview 1-a and 2-a ((b) is modified from
Groundwater and Land Use in The Water Cycle (University of Wisconsin Extension and

Geological and Natural History Survey, Madison Wisconsin))
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Data Analysis

Because of the different purpose of the first and second interviews in each cycle, |
used two different approaches to analyze interview transcripts. | wanted to analyze the
first interviews in each interview cycle to understand the teachers’ conceptual
understandings of water or the water system utilizing a conceptual knowledge analysis
method that VVan Boxtel, VVan der Linden, & Kanselaar (2000) developed. The water
system concept is very complex and has many important sub-concepts, such as the water
cycle. The purpose of this study is to examine secondary school teachers’ conceptual
understanding of water in the earth system. The term, “water in the earth system,” implies
water’s functional role in the earth system and how water operates (behaves) in the earth
system. Therefore, to analyze teachers’ conceptual understandings of water in earth
system based on the three ontological categories, we need to define the kinds of
knowledge proposition that would be the evidence of the teachers’ conception of water as
Matter, Process, or System. For the analysis of knowledge propositions, I present

knowledge proposition examples using the concept of water in earth system in Table 3.3.

Water could be conceptualized as Matter, Process, or System depending on the
kinds of knowledge people have of the earth system. If a person understands the fact that
water volume can be measured by its container, s’he might conceptualize water just as
Matter just like another object having volume. But if a person knows that water can seep
into the ground or rocks through gravity, s/he might conceptualize water as a directional
moving process, or Linear Process. Furthermore, if a person understands that water does

not just move through different places but it also moves energy and causes multiple
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physical and chemical changes, s/he might conceptualize water as a Process of Multiple
Interactions, including moving and changing chemical components. Moreover, a person
that knows how water plays a role in ecosystems and how landscapes change by water
affecting the ecosystem, s/he can connect multiple factors to understand how water
functions in an ecosystem. Lastly, if a person understands the functions of water in earth
systems and what mechanisms play a role for the function in different system levels
(molecular level and water body (ocean) level), s’/he may conceptualize water as a
System. Again, a person’s knowledge about an ESS concept is one of the important

factors that could determine the person’s ontological category of the concept.
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Table 3.3

Example Knowledge Proposition of Water in Earth System Knowledge Framework (ESKF)

Ontological Category

Matter

Process

System

Matter and Structure

Linear process

Multiple interactions

Complex system behaviors

Earth material

Water is liquid at

Water dissolves carbon from

Water in atmosphere could be
gaseous form (water vapor), liquid,
(droplet) and solid (ice )

When water moves it erodes the
earth surface and dissolves chemicals

Ocean water density depends on
temperature as well as salinity of the
water

Ocean water density near Greenland
is different with Mediterranean sea
due to different oceanic geologic
structure and latitude

By using ground water, human
change the length of chemical
reactions between water and rock
layers and it also affects the
structure of the rock layers

and physical room temperature  atmosphere.
structure
Physical and Water moves from plants to
chemical animal and animal to soil
changi Of ?arth Water vapor pressure is one
materials of variables that affects
volcanic eruption
Key Energy Water moves solar energy
through ocean currents
Temperature changes water’s
ESK physical state
Time and space Water molecules stay longer
scale in minerals than clouds.
Water stays longer in glaciers
than cloud
System
behaviors,
boundaries, and
levels

Positive feedback: lower global
temperature affects the amount of
snow and it increase Albedo of earth
surface. Because of this global
temperature goes down more and
makes more snow

Sun spot activity changes earth’s
energy budget, and changes the
amount of surface water evaporation
and affects the entire earth surface
temperature

Human activity changes the amount
of aerosol gases and changes the
location of cloud formation and
finally affects irrigation for farming

Water pollution affects the entire
earth system through complex
system interactions
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I then used the results for the base of the analysis of the second interview
transcripts to find relationships between this conceptual understanding and instructional
practices, or lesson plans. For the second interviews analysis, | followed the typical
qualitative analysis process that Crewswell (2007) categorizes. By utilizing two different
methods, I could analyze the complex relations between the teachers’ conceptual
understandings and its application to the instructional practice. Finally I used cross-case
analysis to make comparisons between the teachers and to validate the finalized results

(Yin, 1994).

Analysis of teachers’ conceptual understandings of water (interview 1-a) and
water system (interview 2-a). Analyzing conceptual knowledge was a difficult process
because I needed to analyze the teachers’ content knowledge that is related to scientific
concepts as well as the relations of the concepts that show more complex and higher
levels of understanding of the phenomena. | adapted and modified the analysis method of
conceptual knowledge that VVan Boxtel, et al. (2000) used. Van Boxtel et al. (2000) used
two level of transcript analysis, namely utterances and episodes. They further analyze
these coding schemes using a quantitative method to compare the quality of the feedback
from the participants. They defined an utterance as “an individual message unit that is
distinguished from another utterance through a perceptible pause, comma, or full stop”
(p.317-318). To analyze the content of the utterance, they defined a different coding
scheme, ““a proposition, as an utterance in which the student makes a statement about the
meaning of a concept” (p. 318). They also distinguished four proposition categories: 1)

propositions about a single concept; 2) propositions in which a concept is related to
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another concept; 3) propositions in which a concept is related to a concrete phenomenon;
4) propositions in which a concept is related to another form of representation. Because
coding the transcripts on the utterance level does not give a description of the way
students construct their reasoning, they utilize the utterance level of coding as the second
level, or episodic level. While Van Boxtel et al.’s (2000) episodic level analysis was
designed to capture the dynamic way students construct knowledge, this analysis level is
useful for this present study because it can be used to represent the teachers’ conceptual
understanding of a concept by connecting each proposition to the complex relations
between the propositions. While | chose to analyze the interview transcripts by different
levels of proposition coding as Van Boxtel et al (2000) described, | modified and
expanded Van Boxtel et al.’s (2000) analysis level. I wanted to analyze one step further
by categorizing the already developed code based on the previously developed
framework. By categorizing the codes in the framework, I could show the teachers’
conceptual understandings of water or the water system as the relationships between
knowledge and ontological categories. Therefore, | analyzed the interview transcripts on
three levels: 1) finding propositions as the first level of coding, 2) defining reasoning
codes by finding relationships between the first level of coding, and 3) categorization of
both proposition level coding and reasoning level coding in regards to the ESK

framework | describe in chapter II.

(1) The proposition level. The first analysis level is to find the propositions based
on the first interview transcripts for each teacher. Transcripts of interviews

were read and re-read to find the propositions of each teacher based on
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concepts, words, and ideas that each teacher explicitly or implicitly addressed
during the interview. First, | developed three categories of propositions based
on the ontological categories | defined in chapter Il and | added three more
additional categories; Propositions about Human and Earth System,
Misconceptions, and Others. Human and Earth System categories includes
propositions about human impact on earth system, human’s use or
management of natural resource or human as part of earth system. The
propositions in this category also could be categorized as propositions about
Earth System Processes or Earth System. However, the propositions in the
category of Human and Earth System can show how the teachers
conceptualize human’s role in earth system, such as a variable that can change
earth system process? or entire system? Or part of earth system that is
interacting with other part of earth system. Also the propositions in the
category of Human and Earth System helped me to connect the teacher’s
conceptual understandings of water to their lesson plans’ topics or main idea.
The misconception category includes propositions about incorrect scientific
knowledge or conceptions about water. Others category includes statements
about the teachers’ experiences, feelings, and value judgements related to
water. The main categories and subcategories of the propositions, as well as

examples for each subcategory (in italic) are presented in the following table.
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Table 3.4

Coding Schemes for the Proposition Level Analysis and Proposition Examples from
Teachers’ Interview Transcripts (in Italics)

Main category

Sub-category

Propositions about Matter:
Propositions that show a
teacher’s understanding of
water as matter that has
volume, weight, and
chemical and physical
characteristics

Propositions about earth’s physical structure: Propositions
about physical structures that store water (reservoirs such
as oceans, glaciers, lakes, ground water), water as a
structure of earth surface.

“There are some mountains where there’s the permanent
storage of ice.”

Propositions about earth’s chemical components:
Propositions about water’s physical and chemical
characteristics as components of different sub-systems of
such as water vapor or clouds in the atmosphere, water
molecules in living things, water as solvent, physical
status change depending on temperature or pressure)
“The water in the glaciers is fresh water frozen.”

Propositions about
Process: Propositions that
show a teachers’
understanding of water as a
process that interacts with
different earth systems
through various chemical
and physical processes

Propositions about earth materials’ chemical and physical
change: Propositions about water’s chemical and physical
changes due to different surface conditions such as
temperature, pressure, etc.

Propositions about energy and earth surface conditions:
Propositions about energy transportation by water and its
relation with surface condition changes such as ocean
currents (e.g. ocean current is a process of energy
transportation and it affects temperature and humidity of
atmosphere above it)

“We also have currents in the air that are driven by
changes in temperature between the different layers of
atmosphere.”

Propositions about time and space variables of the
processes in earth’s natural phenomena: Propositions
about the time and spatial scale of water movement such
as the time scale of hurricanes and spatial scale of its
affected areas.

“Within the hours tidal motion within the ocean high tide
low tide.”

Propositions about System:
Propositions that show a
teacher’s understanding of
water as a system (or

Propositions about boundaries between sub-systems:
Propositions about different types of system boundaries
and its characteristics such as open system boundaries,
water evaporation between ocean and atmosphere or
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system structure (feedback
loops or cycles)

hurricane development through energy transferring by
heat through boundaries of water and atmosphere

Propositions about levels within a system: Propositions
about different system levels within a system such as
water molecule movement through cells (micro) in a plant
is different than water molecule movement from plant to
atmosphere.

Propositions about feedback loops: Propositions about
system structures such as positive feedback loops or
negative feedback loops related to water in earth system
“So the cycle of water through that (stratosphere) also
affects this (cycling of air) and also determines where
you get precipitation. ”

Propositions about energy budget of the earth system and
energy transforming through feedback loops: Propositions
about energy transfer through feedback loops and how it
affects earth system energy balance such as positive
feedback from the increase of albedo (more snow) to
lower earth surface temperature (by reflecting more solar
radiation)

Propositions about time and spatial scale of system
interactions: Propositions about how earth system
structures (cycles or feedback loops) operate in different
time or spatial scales, such as how much a positive
feedback from more snow (high albedo) than temperature
increase would affect the entire earth surface temperature.

Propositions about Human in Earth System: Propositions that show a teacher’s
understanding of how humans interact with water in earth system such as water
resources and quality management, or impact of natural disasters (tsunami, flood,
drought or hurricane) on human society.

Misconceptions

Others

(2) The reasoning level. The second analysis level is coding the teachers’

conceptual connections of the first level propositions by making propositions

that could show their deeper level understandings of the concept of water in

earth system. First, I tried to find meaningful segments that could show deeper

understandings of water in earth system (System) by connecting multiple

propositions as reasoning level codes. Then | make propositions based on my
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understandings of the proposition segment (Matter (M), Linear Process (LM),
or Multiple Interaction (Ml), and System (S)). For example, if a teacher
mentioned, “erosion due to glaciers different than the erosion due to river”.
This would be coded as proposition about earth system process at the first
level coding. If the teacher shows deeper understandings or detailed
knowledge about glacier erosion, then | made another proposition based on
the related propositions I found in the first level coding. This process also
helped me to find core ideas that teachers used to connect all the knowledge
about water in their mind. The core ideas were appeared over and over in the
transcript as propositions in different context to describe how water operated
in earth natural phenomena. Then | used the propositions directly or develops
reasoning code based on the proposition to show the core ideas.

(3) The categorization level. The third analysis step is a qualitative categorization
of each teacher’s reasoning level codes according to the ESKF. I placed all
reasoning level propositions in ESKF for each teacher. | made two ESKF (one
is based on the first interview transcript and the other one is based on the third
interview) for each teacher. In this process | also combine reasoning code
under one topic (e.g. Ground water) or make connections between topics (e.g.
Ground water and Glacier in water cycle). | combined the two ESKF into one
ESKF as representation of the teachers’ conceptual understandings of water in

earth system based on the ontological level and topics that each teacher chose.
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These three steps of analysis helped me to understand how each teacher
conceptualized water in earth system, what content knowledge they used to represent
their understandings, and more importantly, how their knowledge about earth was

connected to their ontological level of conceptualizing water and water in earth system.

Finally, I used the cross-case analysis method (Yin, 2003) in order to determine
the relationships between the teachers’ conceptual understanding of water in earth
systems and the teachers’ selection and organization of the topics and content knowledge
for their water and water system units. First, I describe the similarities and differences
between the teachers’ conceptual understandings of water. Then, | develop a matrix to
describe the relationship between the teachers’ conceptual understandings of water and

the topics and content knowledge they chose for their water and water system unit.

Analysis of the relationship between teachers’ conceptual understandings of
water and water system and their lesson plans. For analyzing the second cycle interview
data (1-b and 2-b) about teachers’ translation of their conceptual understandings of a
science concept to their practices, | utilized the qualitative research method. | followed
the three general steps for qualitative data analysis that Creswell (2007) categorized:
“coding the data (reducing the data into meaningful segments and assigning names for
the segments), combining the codes into broader categories or themes, and displaying and
making comparisons in the data graphs, tables, and charts” (p. 148). Qualitative
researchers may elaborate on one of the coding steps based on the purpose of the studies
or theoretical perspectives they rely on. For example, Strauss and Corbin (1990) proposed
“constant comparative analysis” for grounded theory research and it include three steps of
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coding: open coding; axial coding; and selective coding. However, the analysis process
for the qualitative research approach can broadly be categorized in the three phases

presented by Creswell (2007).

First, I analyzed each teacher’s lesson plans to triangulate the results of the
interview analysis (Yin, 1994). The teachers’ lesson plans were analyzed by a lesson plan
analysis tool | developed by modifying the Science Lesson Plan Analysis Instrument
(SLPALI) developed by Jacobs, Martin, and Otieno (2008). | adapted the one main
category, Lesson Plan and Implication (LPI), as the main theme of the lesson plan
analysis but changed or removed the subcategories based on my understandings of earth

systems education. Table 3.5 presents the themes of the lesson plan analysis.

Table 3.5
Themes for the Lesson Plans Analysis

Main theme Sub-theme

Lesson Design and Implementation (LDI) Goal orientation
Content accuracy
Content presentation
Meaningful application
Assessment

Based on the theme (Table 3.5), I analyzed the lesson plans by finding evidence
of any of the practices described in the Table 3.5. At the same time, | also used the
evidence I found from the lesson plan analysis to support and triangulate the teacher’s
conceptual understandings of water in earth system, which is analyzed by ESKF. This
triangulation process allowed me to do multiple measures of teachers’ lesson plans and

improved construct validity of this study in general (Yin, 2003).
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The next analysis step was to find the relationships between the teachers’
conceptual understandings of water and the water system and its application to their
lesson plans. After the lesson plan analysis, | developed a table (see Chapter V, Table
5.4) that presents two matrixes of teachers’ conceptual understandings of water and the
water system and its relationships with their lesson plans. For the matrix | used two main
categories: conceptual understandings of the concepts (detailed knowledge shown in the
conceptual understanding interview) and topic and content knowledge used in the
teachers lesson plans. | categorized topics that were frequently used by the teachers to
show a clear relationship between the teachers’ conceptual understandings and topics and
content knowledge they chose for their lessons. This analysis method allowed me to find
some of the potential reasons for choosing certain topics or strategies for lessons, such as
their preparation for teaching earth system and their view toward the discipline behind
the relationships between the two categories. Figure 3.2 presents the data analysis

procedure.
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Data: Interview
First interview cycle Second interview
cycle
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Figure 3.2 Data Analysis Procedure

Validation

There are several strategies that could support validation of a study such as

building trust with participant, triangulation, peer review, and member checking
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(Creswell, 2007, p.207-208). | primarily used two strategies to support validation of this
study. First I used multiple data sources (interviews, collecting classroom artifacts, lesson
plans) to triangulate the findings. I collected multiple data from five secondary teachers
including four interviews from each teacher, two sets of lesson plans (water unit and
water system unit), as well as classroom artifacts (worksheets, curriculum books,
information about the teachers’ curriculum resources). Multiple data helped me to

triangulate my results and to understand each teacher’s specific context.

Secondly, | used a member checking strategy to validate the analysis results from
the participant teachers. After I analyzed each teacher’s conceptual understandings of
water in earth system and their lesson plans, | contacted the participant teachers and
asked them to read the descriptions about their conceptual understandings of water in
earth system and their lesson plan descriptions. Based on the participant teachers’
comments, | changed my case descriptions and got approval from each teacher that the

description was plausible. This strategy is very critical to establish validity.

Researcher Background

| was trained as a secondary earth science teacher in college. After college, I
pursued my career as an educational researcher in earth science education. Throughout
my studies in the Curriculum and Instruction doctoral program, | have worked as an
evaluator of the teacher professional development program, “Earth Science Systems for

K-9 Teachers.” My experience evaluating this program has given me an understanding of
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teachers’ conceptual understandings of earth system events and what they need to
understand in order to teach these complex concepts to their students. | have a strong
belief that earth science is not an isolated discipline but an integrated science that can
teach students a holistic view of the natural world. This belief comes from Eastern views
toward nature that all things in the universe are connected and interact with each other.
Unfortunately, many elementary teachers, as well as secondary science teachers, do not
have a strong understanding about the earth as a system. Many elementary teachers are
struggling with teaching earth science because of a lack of content knowledge as well as
a lack of understanding of the earth as a system. Even though secondary earth science
teachers possess more content knowledge in earth science, they are still not familiar with
the concept of the earth as a system. They are also not familiar with the investigation
methods that earth systems scientists are using to analyze systems phenomena such as
satellite images, observation, or proxy data analysis. Often times, secondary earth science
teachers are reluctant to use an earth system approach but rather depend on science Kits
that teach Earth science as isolated concepts and do not appear to be interested in

bridging the gap between standard science teaching materials and real world issues.

Throughout my doctoral program, | was also involved in a summer school
teaching project for Native American students as well as research with urban youth in a
science museum. Through these experiences, | developed culturally relevant STEM
curriculum and studied urban youths’ experience of developing and teaching water

systems using knowledge from their everyday life experience.
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Teaching earth science is a complex process. A teacher’s knowledge of the
learner, the subject matter, and the teaching context all combine for better Earth science
teaching. I believe that a teacher’s careful pedagogical decisions about Earth science
topics and teaching methods can make earth science lessons more meaningful to learners.
Helping science teachers to teach the Earth as a holistic system and in a meaningful way
to learners has become my life goal as a teacher educator and educational researcher.
This dissertation is a first step to understand the complex phenomena of teaching earth

science and earth science teachers.

Limitations

This study has several limitations. The first limitation is related to the sample of
the study. The participants are all female teachers. Before this study, I tried to find male
earth science teachers in secondary schools. | found one male teacher and interviewed
him as part of this study. However, | decided not to use the data for this study because the
interview and the lesson plans he prepared did not have enough information to examine
the relationship between conceptual understandings and choosing the topic and content
knowledge related to it. Secondly, the participant teachers were teaching earth science or
environmental science for different grade levels in different schools. Thus the teachers’
lesson plan would be affected by each teacher’s school earth science curriculum. The
final limitation is related to the limited data source. I did not collect classroom
observation data because the primary purpose of this study was to probe teacher’s

conceptual understandings and how it related to the selection of topics and content
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knowledge. However, the classroom observation data would have helped to triangulate

the lesson plan data.
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CHAPTER IV: CASES

Overviews

In this chapter, I describe each teacher participant’s conceptual understandings of
water in earth systems and their lesson plans for teaching about water and water in earth
systems. I describe each teacher’s conceptual understandings of water in earth system by
focusing on the teachers’ conceptions of earth system and how water operates in the earth
system. I also analyze the teachers’ scientific knowledge of water, or Earth System
Knowledge (ESK), and their ontological water category determined by their knowledge.
The relationship between ESK and the ontological category was described in my
theoretical framework (ESKF). The teachers’ conceptions of earth systems and how
water operates in it addresses a larger picture of how the teachers conceptualize water’s
movement and operation in the earth system on a global scale as well as detailed
processes. The ontological categories are associated with how the teachers related water

to Matter, Process, and System and their scientific knowledge of earth system.

For the teachers’ lesson description, I describe each teacher’s lesson unit for
teaching water by focusing on the two aspects; 1) topics and main content knowledge the
teachers chose in their lesson units, and 2) how the teachers presented the topics and
content knowledge in the lesson units. Lastly, | describe the differences between water
lessons and water system lesson by focusing on the teachers’ approach to choose and

organize content knowledge based on their understandings of water in earth system.
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Basia

Background

Basia is an African American female who has a Ph. D in Chemical Engineering,
with a focus on biotechnology. She teaches Environmental Science (ES) in an urban high
school in Minneapolis. The school has over 90% minority students and many of them are
immigrants from Africa. Basia is passionate about teaching science and believes it is not
a job but instead a vocational calling to provide urban immigrant students with scientific

knowledge and inquiry experiences.

Basia is a scientist, engineer, and science teacher who has a strong background in
Chemistry, Engineering, and Biology. She is a very enthusiastic instructor for two
professional development programs for urban science teachers. These professional
development programs focused on science teaching methods and provided scientific
research opportunities to urban science teachers. However, her earth science knowledge
background is mostly from one college level course, her own readings, and short

professional development programs.

Basia’s Conceptual Understandings of Water in Earth System: “Water Moves through
Overlapping Cycles”

Conception of earth system. Basia described earth systems as a big natural system
that is composed of four spheres: “biosphere, earth (lithosphere), atmosphere and
hydrosphere.” She also used different system terms, such as “overlapping systems” and
“feedback”, to describe earth system characteristics. Furthermore, she also described the

earth system as “an interconnected web of different spheres where a small change in one
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sphere affects the other spheres,” and that natural phenomena are “simultaneous events
between two or more spheres.” In the following quote, Basia explains the meaning of

“interconnected spheres” using the concept of water.

“Water is very much connected to the geosphere in that the structure of the
geosphere affects where water is stored and water also causes changes in
geosphere through weathering, erosion, and moving. There’s a symbiotic
interconnectedness with geosphere because of volcanic activity, and spring, and
geyser, so that’s where two kind of overlap in their function, and overlapping with
biosphere it’s the need for fresh water for all living things so where the fresh
water is, how much of it there is, how accessible it is to living things has a huge
impact on the biosphere and then for weather evaporation, condensation,
precipitation, how much happens, how fast, where that happens affects the
weather in different parts of the world, which again affect life in those areas and
affects erosion and weathering in those areas of the geosphere. So it’s all
connected together. You can’t make changes in one without making changes in

another one.”

Basia also described earth’s natural system as a “self-regulated system” that is
operating through multiple feedbacks. In the following quote, Basia explains feedback

using the context of sediment deposit and river system development.

“I’m thinking, yeah, like a feedback loop in computing or feedback inhibition in
biology where the continued flow of one thing can cause self-regulation, so for

example, like this river carries a lot of sediment because it erodes the land it
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travels through so it can deposit that sediment further downstream like in this area
here so the river flows and it deposits more sediment, and it flows and deposits
more sediment and then you can get blockages because you have all of this rock
piling up in the certain region and the river has to move and go someplace else.
So the river puts down the sediment which blocks the river and river has to go
someplace else and deposits more sediment which blocks the river. There’s that
kind of feedback loop that this affects this which then affects the river itself again,

so it’s that kind of feedback”

In the above quote, Basia tried to explain the process of sediment deposit in the
river by applying her knowledge of the feedback inhibition process in a biological
context. Basia tried to define earth system processes, or behaviors, using her prior
knowledge of feedback inhibition in a biological context because she believes that natural
systems, including river systems as well as biological systems, have similarities in their

processes or behaviors.

In her description of earth system, Basia described human activities as an
unpredictable variable that could change entire natural environments. Basia described
human activities as an, “artificial leg of the water cycle just pushing it (water cycle) in the
direction it would normally not go in a natural earth system.” She also stated that humans
cause water pollution in multiple ways and that the consequences of one change in the

water system could affect earth’s natural system in complex ways.

Conception of how water operates in earth system. Basia’s description of the big picture

of water movement in earth systems is mostly based on the concept of the water cycle.
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She described the water cycle as having four major processes: 1) “precipitation,” 2)
“water moving through the earth,” 3) “evaporation from a larger body of water,” and 4)
“condensation.” The process of “water moving through the earth,” was distinguished as
two different pathways in her description; slow pathways (glacier and ground water) and
fast pathways (run-off and river). In addition, she stated that the four water cycle
processes were interconnected as “overlapping cycles” and described water moving on
the earth as “water traveling down the path of least resistance.” Basia often used the term
“overlapping cycles” when she tried to describe complex interactions or structures in the
water cycle, such as weathering patterns or biosphere. The following two quotes
demonstrate her understanding of overlapping cycles: one focuses on water and rock

cycles and the other focuses on water cycles through life.

“Most of water weathering is either by glaciers or rivers and streams and oceans
but you get this weathering caused by water which is necessary in order to form
sedimentary rocks, so the water piece has to happen first in order to get
sedimentary rocks, to get the sedimentary rock you need to form metamorphic or
igneous rock that would get weathered, so it’s the cycles overlap that you need.
This cycle running here, and this cycle running here, and they collide here to

produce this next piece in the puzzle, so they intertwine.”

“With the biosphere we have the cycle of transpiration, the process of
transpiration, so you need precipitation to happen, but and then, this is | guess this
is the overlapping of three spheres, but you need the seepage of that water into the
soil, and trees take up that water and with that water, nutrients in soil travels
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through up to the tress or through the plants and then those plants sweat off the
excess water in transpiration. This is water to the air so it’s the linkage of the life
cycle with the water cycle. It’s a part of that circle bringing water from the earth
back into the air, back to the earth, back into the air. Those two cycles intertwine
and then that water use, some of that water’s used for maintaining the plant also

for transporting nutrients from soil to the plant.”

The idea of “overlapping cycles” appeared repeatedly throughout the interviews
when Basia described water as an action (process) or how water moves through different
spheres as part of water cycles. Sometimes Basia used the term “overlapping cycles”

29 ¢¢

interchangeably with the “interconnected sphere,” “overlapping spheres,” or “feedback.”

Basia’s Earth System Knowledge (ESK) and ontological category of water. Basia
described many topics related to water during the interviews. In describing these topics,
Basia showed her understandings of water cycles through different concepts of earth’s
physical structure (ground water, river, glaciers), geologic processes related to water such
as weathering and erosion, different forces of water waves in the ocean surface, human
activity and water pollution (e.g. acid rain) and human water usage. For example, Basia
described different energy sources for ocean waves by saying “water (ocean) moves due
to different forces: air (wind), plate tectonics, or tidal force,” or she would demonstrate
her understanding of different time and space scales of the water cycle by saying,
“Glacier and ground water is a slow part of the water cycle and glaciers are less than 1 %

of earth’s water.”
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Basia did not demonstrate detailed knowledge of earth’s physical structure,
energy transfer, chemical interactions or physical movement of water as part of her
explanations for each topic. In other words, Basia’s explanation of water in earth system
did not focus on the detailed process in specific areas but broad descriptions of general
patterns of the water cycle on a global scale. For example, Basia used the idea of “water
traveling down the path of least resistance,” to explain water moving through earth’s
surface or underground (lithosphere), such as ground water and water shed. Basia stated,
“Water from precipitation will eventually dispense into a lake or river and return to the
main water cycle” because water moves down to lower elevation constantly. Basia did
not demonstrate her knowledge of detailed underground structures when she described
ground water flow. By using the notion of water moving to lower elevation, Basia often
over-simplified the complex water movement processes through rock layers, different
ecosystem, and watershed. Basia also did not describe in detail her knowledge of cloud
formation. She generally described that clouds are formed by condensation by stating that
“Water evaporates and condenses. The clouds are caused by condensation of water in the
air just as there are currents in liquid water sources,” and “Moisture goes into the air as
water vapor and condenses to form these clouds. When that condensation becomes too
heavy to be maintained in the air, you get this precipitation back to the ground.” She
showed some misconceptions by saying, “Because of the chemicals that are present in the
air, when the water condenses some of that dissolves into the water within the clouds.”
As this quote demonstrates, Basia did not describe how air is saturated by low pressure

and temperature and how water condenses around chemicals.
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Furthermore, Basia also described earth system using system terms such as
“overlapping cycles” and “feedbacks.” For example, she explained overlapping cycles
using the example of geysers. For example, she stated, “A geyser is the combination of
the processes overlapping two spheres (water and geosphere).” She also explained
another example of overlapping cycles by stating, “Water moves through overlapping
cycles... air currents are responding to temperature, and the water cycle is driven by or
move by these currents of air” As the quotes demonstrates, Basia used the term “over
lapping cycles” when she tried to describe interconnections between two or more earth
sub-systems. While she demonstrated her understanding of general patterns of natural
systems, her descriptions of overlapping cycles in the earth system context were also
over-simplified in terms of describing its detailed processes. Basia did not describe
specific weather patterns or mechanisms when she described the water cycle through the
precipitation process. Basia also did not describe earth system as part of a bigger solar
system. Table 4.1 presents Basia’s proposition examples in ESKF. As the table shows,
Basia’s ontological category of water belongs to the category of Process and most of her

propositions belong to the subcategory of multiple interactions.
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Table 4.1
Basia's Proposition Examples in ESKF

Ontological Category

Matter

Process

System

Matter and Structure

Linear process

Multiple interactions

Complex system
behaviors

Key

ESK

Earth’s physical Glacier is frozen fresh
structure and water
material

Agquifer is connected
to another fresh water
source

Humans use glacier
water for drinking

Water in atmosphere is polluted
by contaminants (sulfur, sulfur
dioxide, nitrogen etc.) Human
produce contaminants in the air
and it causes acid rain

Water moves through overlapping cycles
(there is air current by temperature and
water move through it as part of water ¢

ycle)

Water causes change in geosphere

Physical and
chemical change of
earth materials

Energy source

Time and space
scale

System behaviors,
boundaries, and
levels

Weather patterns affect amount
of precipitation

through weathering, erosion, moving,
and volcanic activities.

Acid rain reacts with rocks and plant

Warm water rises and cold water
sinks Water traveling down the
path of least resistance

material and changes the pH in lakes.
The pH change affects the water oxygen
level and life in the water.

Water moves due to many forces (air,

Oceans move through tidal
motions within a few hours

Rivers change meandering path
over several years

plate tectonic, tidal) and thermal cycling
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Basia’s Water Unit: “Find and Make Fresh Water We Can Drink”

Basia uses water as a main theme to teach her environmental science (ES)
course. She taught the ES course as corresponding with four spheres of the earth: water,
air, earth, and life, based on her understandings of the main themes of the Minnesota
earth and space science (ES) standards. Basia believed that water was the unifying
concept that connected other ES topics because it could demonstrate important pattern
of matter moving in earth, which is cycle. She also thought that an understanding of the
water cycle could help her students to understand other matter cycles in earth systems.
Therefore, she wanted to teach water as an integrative topic by combining knowledge of

the other spheres.

Basia’s water unit was the longest single unit in her ES course and took 13-14
hours to cover. This unit was the longest because she tried to use the topic of water to
introduce other concepts in ES at the beginning of the course. The main goal of Basia’s
water unit was to teach students to understand that “there is a very clear pattern of what
happens to water in earth systems (environment) and it is predictable and interconnected
with other spheres.” She said, “If we can understand what the pattern is (in natural
phenomena), then we can use the pattern to predict what will happen.” Basia wanted to
teach a pattern of how water moves and operates in the natural earth system (water
cycle) and to help her students understand the main idea of the water cycle, which are
the interconnections of our natural environment. Table 4.2 shows a summary of Basia’s

water lessons.
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Table 4.2
Basia’s Water Unit Summary

Topic Water and human society

Lesson1 Learning 1.

Objectives
(Three-
80 min.

Understand that water affects political, social, and
economic decisions within a society

Use thematic maps in order to make inferences

Use and interpret information from map keys

classes)  Activities

N LN

Minnesota Map Activity- Thematic map

Largest Cities of the World and Nearby Bodies of
Water — Latitude and longitude of largest cities of world
and local sources of water (where there are people,
there must be water)

Materials/  Food for Thought: A Geography of Minnesota Agriculture
Resources  http://www.mda.state.mn.us/kids/maitc/mapping.htm

Several Maps of different continents from National Geographic
Society
Various Atlases

Topic Water cycle

Lesson 2 Learning 1.

Obijectives

(Seven- 2.

80 min.

classes) 3.

Understand that water affects political, social, and
economic decisions within a society.

Understand the processes of the water cycle.
(evaporation, condensation, etc.)

Use processes from the water cycle to purify water and
evaluate the techniques used.

Activities 1.
2.

3.

The World Water and Fact Sheet

The Hydrologic Cycle and modified lab (Filtration vs.
Evaporation, condensation and precipitation)

Class discussion of International Water facility article

Materials/ Water Resource Handbook, 9-12:
Resources http://www.epa.gov/safewater/kids/wsb/index.htm|#9-12

International Water Facility
http://www.actionbioscience.org/environment/kassa.html

Topics and main content knowledge. The topics for Basia’s water unit can be

categorized in two topics: 1) Water and human society, and 2) Water cycle. The first

topic, “Water and Human Society,” was important to Basia because it was a common

topic that she could use to easily engage her immigrant students in a discussion about

critical water shortage issues. Basia was concerned that the students needed a topic that

could connect them with science and their prior experiences or cultural background.
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Most of Basia’s immigrant students were from places where water is a serious issue for
survival. She believed that water resources and their relation with human society was a
good topic to invite students to learn about the scientific knowledge of water by

connecting the student experience with scientific learning. She explains this situation in

the following quotes.

“I start with water unit because they are the most familiar with water. They may
not know all of the facts about water but they know they need clean water or
they can’t live. That’s pretty standard. They know that people fight over water.
A lot of wars in different areas are because of who gets the access to the body of
water that everyone needs to drink they understand those concepts, so | draw on

that.”

In regards to the water lessons, Basia did not present much scientific content
knowledge related to water. Instead she emphasized the knowledge of interpreting
different kind of maps, such as how to use map scales, and the meanings of topographic
classifications. Basia also focused on teaching Minnesota’s main water resources (lakes

and rivers) and how human activities in Minnesota are related to water resources.

The second topic, the water cycle, was a major part of Basia’s class and
contained scientific content knowledge about water. The water cycle lessons were
modified from developed lesson plans from an education website. Basia’s lesson
covered basic knowledge of the water cycle, including the specific process of the water
cycle (evaporation, precipitation, run-off, etc.) but mainly focused on “how we clean the

water,” and the differences between the two methods of cleaning water, filtration and
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evaporation. During the lesson, Basia also tried to emphasize the fact that “the process

of cleaning water simply exploits the process in the water cycle.”

In terms of content knowledge, Basia spent more time teaching how the process
of filtration is different than the process of evaporation through a distillation process.
For example, filtration takes less time but gets less clean water than evaporation in the
experiment. Using the knowledge the students got from this experiment, they also

discussed which distillation process is more useful in certain situations.

The distribution of water in the world was also an important piece of content
knowledge in the water cycle lesson. To teach the distribution of water, Basia used
articles about water resources and the allocation of water within the world. By reading
articles and discussing them, they focused on two purposes in terms of content
knowledge acquisition: 1) understanding different ratios of the amount of water in
different reservoirs, such as glaciers vs. ocean, so students can understand how much
water we can use for drinking, and 2) applying the knowledge that the students learned
from the water filtration experiment to solve the real world problem of determining
which method would be better to provide drinking water.” The reading material was
about how water is allocated within the world and the relative amount of water in

various water reservoirs in earth system such as rivers and lakes.

Presentation of content knowledge. Basia used a teaching strategy called,
“critical response.” Critical response is a teaching method with the following steps: 1)
make students observe a certain object, 2) have the students think about what it reminds
them of, and 3) use what it reminds them of to ask questions and get to know the

students’ knowledge and background experiences, and 4) use those questions and
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answers to help students understand a concept. Basia spent time to find out about her
students’ background knowledge and experiences related to water using the critical
response method. She also taught basic scientific vocabulary and constantly reminded
her students of the new vocabulary because of their low English language skills. Basia
also tried to help the students build their scientific language skills, improve their
scientific knowledge, improve their skills in finding information from different
resources, and to understand the basic process of how scientific knowledge is developed
by scientists. Basia also often expanded her lesson plans by adding topics that her
students wanted to learn more about. She used the critical response method to help her

find appropriate topics for her students.

To present the topic of water and human society, Basia chose to use different
local (Minnesota) and worldwide thematic maps. She wanted her students to develop
the basic skill of interpreting maps and connecting the information they found from the
maps to the knowledge of the relationship between the location of water resources and
human society development and allocation of human activity, such as farming and
manufacturing. Basia also believed that the students’ experience of interpreting
thematic maps would also help them to interpret other kinds of maps such as weather
maps, geologic maps, or topographic maps that would be used in her environmental

science class.

“The reason I start with the map activity is because | have English Language
Learner (ELL) students for this class so many of them come with not a lot of

background in understanding maps and we use them in all of the units. Whether
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they be weather maps or maps to show where different rocks are found for the

rocks I cover, and also mapping for the water.”

The map activity had two parts based on two different purposes: 1) the
Minnesota map activity and 2) the Worldwide map activity. The Minnesota map
activity was designed to improve basic map interpreting skills and to familiarize
students with the geographic characteristics of Minnesota related to water resources
such as finding lakes, rivers, and labeling geographic information such as highways and
counties. The second map activity was focused on finding relationships between large
cities of over 8 million people and the water resources near them. Her classroom was
covered with different size maps that show different areas of the world. The students
used the maps during the activities to criticize or generalize their ideas about the

relationships between big cities around the world and water resources.

“I have my room covered with different maps with different areas of the world
so that they can look at larger scale maps to see the rivers and lakes and other
sources of water near the cities, and then what they found is that the vast
majority of cities are right next to rivers, and they are starting to figure out that
this is an important piece of the puzzle that to have so many of them near rivers

which are fresh water.”

As assessment for the first activity, Basia was not trying to focus on assessing
her students’ scientific knowledge about water and human relationships, but trying to
focus on improving her students’ scientific thinking skills of finding a relationship
between variables using different data sources (different scales and thematic maps). On

the students’ worksheets, she used two different levels of questions: 1) “surface
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questions,” asking students to find specific information from the maps, and 2) “deep
questions,” asking students to think about the relationships between the information
they found such as, “What is true of the borders of Minnesota?” Or “What would you

expect to see when looking at the location of major cities around the world?”.

Basia’s Water System Unit: “Teaching a Pattern of Systems using Water Cycle”

The final interview with Basia focused on her water system (water in earth
system) lesson plan. Basia was asked to develop a unit as if she were teaching water
using earth system perspectives. She did not develop concrete lesson plans for water
systems as compared to her prior water lesson plans. However, Basia did prepare an
outline focusing on topics and ideas that she would teach about water in earth systems.
The topics and ideas were not much different than those in her water lesson plans.
However, she did add a lesson at the beginning of the unit that focused on teaching the
definition of earth systems and finding patterns in earth systems and the nature of

interconnected systems.

Basia encouraged the students to think critically about the water cycle and how
it is related to human water resources. She believed that improving her students’
critical thinking skills was more important to their understanding the system rather than
having them memorize content knowledge. She still wanted to use the same experiment
she used for her water unit (water distillation experiment). She believed that having
students use problem solving skills would help in two ways: 1) the problem solving
process would help students to think critically about other issues in similar situations,
such as a lack of natural resources or air pollution, throughout the class, and 2) the

experience of problem solving using different data sources (different maps, experiments
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of infiltration) would improve their confidence of doing science because it is the same
way scientists solve real world problems using different data. Basia wanted to help the
English language learning students look beyond their limited language skills to realize
their potential using scientific skills and criticizing what is happening in human society

through critical thinking and problem solving experiences.

Basia repeated that the most important concept the students needed to
understand in the water systems lesson were the patterns in matter cycles in earth
systems. The following quote shows her explanations of why addressing the water cycle
concept first is important to teaching other pieces of earth systems in the interview

about her water system unit:

“I find that everything we see happening in the water cycle those processes
happen in the other cycles or link to the other cycle, this filtration, seepage is
related to the rock cycle and weathering and formation of soils, those two cycle
are connected there, so by talking about what happened to water, the kids
understand, oh, that’s connected to this, so it’s easier to build those connections
when they build on something they are really familiar with, and they are all

familiar with water and rivers.”

The patterns in the water cycle she taught could be summarized in four major
concepts: 1) water in earth systems has a constant amount and is constantly moving
through the cycle, 2) differentiation between things and processes (water reservoirs and
water moving or changing physical status), 3) water cycle is overlapped with other
systems or cycles, 4) time scale and amounts of different water bodies (rivers and

oceans). While the rest of her water system lesson was not much different than her
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water lesson plan in terms of content knowledge, she wanted to address that acquiring
these main concepts are important objectives for students’ learning in water system

lessons.

However, the content knowledge she addressed for her water system unit was
not detailed enough to address earth as a system. The four concepts she used were not
based on her detailed scientific knowledge of earth system but understandings of
general characteristics of a system. In other words, the content knowledge she covered
is not fully present in the key ESK knowledge of water. Basia did not cover the detailed
knowledge of system behaviors between water and other spheres, such as how water

plays a role as a heat mover in earth systems through atmospheric circulation.

Basia’s approach to design water systems lessons was not much different than
her water lesson plans because both were based on her understandings of the physical
earth system. For Basia, teaching about water already had underlying assumptions about
teaching how water plays a role as part of earth systems. As she emphasized many times
during the interview, water was a very important topic to address the physical
characteristics of earth system such as moving through physical status change, physical
erosion on earth’s surface, and moving through every other part of earth systems.
Therefore, her water system lesson was another version of her water lesson that heavily

emphasized the same four concepts mentioned above in different ways.

Summary
Basia tried to define earth system processes, or behaviors, using her prior
knowledge of feedback inhibition in a biological context because she believes that

natural systems, including river systems as well as biological systems, have similarities
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in their processes or behaviors. Basia’s explanation of water in earth system did not
focus on a detailed process in specific areas but rather broad descriptions of general
water cycle patterns on a global scale. While she demonstrated her understanding of
general patterns of natural systems, her descriptions of overlapping cycles in the earth

system context were also over-simplified in terms of describing its detailed processes.

The main goal of Basia’s water unit was to teach students to understand that
“there is a very clear pattern of what happens to water in earth systems (environment)
and it is predictable and interconnected with other spheres.” Baisa tried to help the
students build their scientific language skills, improve their scientific knowledge,
improve their skills in finding information from different resources, and to understand
the basic process of how scientific knowledge is developed by scientists. For her water
system lesson, Basia encouraged the students to think critically about the water cycle
and how it is related to human water resources. She believed that improving her
students’ critical thinking skills was more important to their understanding the system

rather than having them memorize content knowledge.

Olivia

Background

Olivia teaches earth science in a suburban high school. She has a Bachelor of
Science degree in Biology and Resource Management. For her degree, she was
required to take courses focusing on water, soil, fisheries, and forestry, as well as

general science courses related to environmental science such as biology, chemistry,
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astronomy, geology, and geography. She also took an environmental education course
and environmental action classes. Olivia has a special interest in water quality, which
started in her high school environmental science class when she studied microorganisms
and conducted basic water quality testing. This interest continued through her college
career where she had opportunities to do all sorts of water quality testing experiments in

her environmental courses.

Prior to her current teaching position, she taught environmental science for a
year in a charter school. While teaching at the charter school, she developed a water
unit that focused on testing water quality using chemical measures. Olivia also taught
science informally by working at a summer camp where she taught elementary students
about water quality and water animals, such as frogs and invertebrates. She also
volunteered at a nature center for three years where she taught environmental science
for elementary students. In her current position, she has been in charge of developing
new earth science curriculum based on state standards. She has taught an earth science
course for 11" graders four times a year for two years. Olivia is a very enthusiastic earth
science teacher who has a very strong belief that students need scientific skills and

knowledge to be good stewards of our environment.

Olivia’s Conceptual Understandings of Water in Earth Systems: “Water is constantly
moving”

Conception of earth system. Olivia described the earth system as composed of
“four sub-systems that are all constantly interacting: hydrosphere, biosphere,
lithosphere, and atmosphere.” She emphasized that the four sub-systems could be

understood as a whole system because they are all interconnected. Furthermore, Olivia
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explained that the sub-systems are interconnected because, “the sub-systems are
working together to cause certain process and material moving.” In the following, she

describes the interactions between systems;

“The interaction is really that you may have two separate things but they’re
constantly either working together or working against each other or there’s some
sort of process that requires both things. It could be working together to cause a
certain process to take place or a change to take place, movement of materials

through the different spheres is also one of the interactions.”

In this quote, she described interactions between systems as processes between
systems or system components that cause other processes or change the processes.
Olivia also described earth system behaviors related to water using the concept of
system boundaries. For example, she explained how water molecules move between the
ocean’s surface and atmosphere and how ocean water moves through a current. Olivia
also described systemic behavior using the example of a water recycling process in
plants and carbon cycle by emphasizing the fact that “organisms need a correct balance

of water within the cell versus outside the cell to maintain homeostasis.”

Olivia described humans as a major cause of water pollution and unnatural
changes in the water cycle. She described how humans change the natural water cycle
using three specific examples: 1) “Tapping into some really deep aquifers where it is
not being replenished in our lifetime and it is changing the underground water cycle,” 2)
“Climate change due to human activity causing the rapid decline in the glacial mass
that’s changing how long water would be locked in there and then it’s also going to

change the landscape features being caused by those glaciers,” and 3) “Humans can
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also increase the velocity of water moving across land by changing a wooded area to a
farm field. There’s going to be less vegetation to slow the water down, so therefore it’ll
move faster along the land causing more soil to be eroded away and moved and

transported.”

Olivia also described how human activities changed the water system by
changing the ecology system. Olivia distinguished the water system as biosphere
(ecological system) and lithosphere in terms of the vulnerability on human impact.
Olivia said that “the biosphere is a more vulnerable part of the earth system as
compared to the lithosphere,” which is affected by human activity. The following quote

shows her view of humans in earth system.

“We (humans) are changing the water systems by changing the ecology by
removing wetlands, changing where that water’s able to go or where it’s
typically stored, removing the biological piece, we’re also going to change the
way the water flows because the biological piece can have a role on that as well,
movement of water across land. We cannot affect the water in magma or
concentration in magma too much, I don’t think we’ve had a hand in that,
magma has water in it, humans typically aren’t disrupting that cycle, I think

we’re good on that one, I don’t think we’ve got to that one yet.”

Conception of how water operates in earth system. Olivia described water in
earth systems using the concept of the water cycle. She described the water cycle as a
process that has seven processes: evaporation, condensation, precipitation,
transportation, run-off across the land, infiltration, and ground water flow movement.

She tried to connect possible sources of pollution (thermal, chemical, high turbidity),
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contaminants and eutrophication with each path of the water cycle when she described
each water cycle process. In other words, she emphasized how water pollution, or
chemical changes in bodies of water, would affect the entire water cycle through
different processes. Olivia also emphasized that “water is constantly moving” as she
described how water moves and operates in the earth system. She used specific
examples of how water molecules (polarity: having a negative and positive end) act and
how water moves in specific places, such as soil and rock layers. In a global water cycle
scale, she described that “water even itself and recycling itself through water cycle” as
part of earth system functions and this means “water maintains its quality, amount, and
functions in earth system as part of system behavior.” She emphasized water as an
important chemical and physical property of earth system that can constantly change
status and move through different spaces to maintain earth system. For example as a
chemical property, “water could dissolve chemicals, recycle through soil and plants,
contaminate, decontaminate, or filtrate, and move through different spheres as a
molecule (ocean surface to atmosphere).” As a physical property, “water can erode and
weather earth’s surface, create landscape features, run-off over the earth’s surface with
different speeds, develop different water bodies underground (water shed or aquifer),

and develop different physical status (glacier, hail, water vapor, and rain).”

Olivia’s Earth System Knowledge and Ontological Category of Water. During
the interviews, Olivia described various water-related topics using global and local
examples such as the water cycle, water movement through earth’s surface, water
movement underground (including ground water aquifer and watershed), seasonal

changes of water table levels, and different sources of water pollution. Most of these
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topics are deeply related to water pollution and water shortage issues that describe the

impact of human activities on water quality and water resources.

Olivia demonstrates her knowledge of water molecules and its chemical
property by stating, “Water in the atmosphere can be in the gaseous forms, water vapor,
droplets of liquid” and “Water molecules have a positive end and a negative end.”
Olivia also explained various natural phenomena related to water. The following quote
shows her description of how water moves through different earth systems and how

water helps earth systems operate.

“Water has the positive end and then the negative end, then because of that it is
able to move through the soil in areas where it’s not completely saturated or that
it remains in the upper parts of the soil, capillary action, being able to move
through small spaces being forced up and it also helps them bind together and
that’s how we can get them binding together in the clouds to make droplets or
precipitation. With the larger body of water, it’ll actually help keep them from
evaporating as quickly, and holding them in place, and again allowing certain

things to dissolve and become part of the water as well.”

Olivia also demonstrates her knowledge of detailed physical structures such as
watershed, aquifer, geyser, karst, magma and rock, glacier, and its formation, and how it
is related to the water cycle by stating, “Water content of magma is going to affect its
melting or hardening temperature. Water mixed with some of the gasses released by
volcanoes can produce sulphuric acid.” The following quote also shows her
understanding of the concept of the glacier as part of the water cycle as well as part of

earth’s physical structure.
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“Glaciers forming from snow that is under pressure from the layers of snow on
top of it are able to crystallize forming ice. If the rate of precipitation or rate of
accumulation is greater than the rate of melting, then the glacier will expand. If
the rate of melting is greater than the rate of accumulation, it will shrink, or

melt, becoming smaller.”

Olivia also demonstrated her knowledge of the different time scale of the water cycle in
detailed physical structures. For example, she stated “the lake water levels typically
will return to normal in several days or even in a couple hours depending on how great
the water was,” and “It could take thousands of years to replenish an aquifer and be

usable again.”

Olivia described ecological components, such as vegetation, as part of earth’s
physical structure and how it affects the local environment by describing how trees and
other vegetation affect run off, landscape, and water erosion. In addressing these issues,
she also demonstrated her environmental activism by emphasizing the importance of
managing ground water and she regretted the fact that many people overlook the
importance of managing groundwater, which is a non-renewable resource in terms of

time required to replenish it.

Olivia also explained some important system behaviors and components such as
how water behaves in system boundaries. She stated, “There are surface interactions on
large bodies of water with atmosphere — where, the wave action, allows gas exchange to
take place between the dissolved gasses in the water and in the atmosphere.” She also
described how water plays its role as system components; “Ocean in Earth system: the

ocean’s current is water flowing based off the differences either in salinity or
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temperature and the currents are able to bring nutrients into different areas and keep
areas warmer which allows them to be useful in different ways affecting climate
patterns.” Olivia understood multiple interactions between water and other systems
using her knowledge of earth physical system, environmental science and biology, as

well as knowledge about water’s chemical and physical properties.

Table 4.3 presents Olivia’s knowledge proposition examples in ESKF. As Table
4.3 demonstrates, Olivia’s ontological category of water was System and most of her

propositions belonged to both the category of multiple interactions and system.
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Table 4.3
Olivia'’s Proposition Examples in ESKF

Ontological Category

Matter

Process

System

Matter and Structure

Linear process

Multiple interactions

Complex system behaviors

Earth’s physical =~ Water shed is the Ground water moves depending
structure and area that is drained on the permeability of the
material by a particular body  material
of water
Physical and Water content of magma is going

chemical change
of earth materials

Key

to affect its melting or hardening
temperature

Eutrophication taking place in the
lake because of extra nutrients
from farm land.

Energy source
ESK &y

When water droplets become too
large, precipitation happens
depending on the temperature of
the cloud itself

Time and space
scale

After rain, the water levels
typically will return to normal in
several days or even in a couple
hours depending on how great the
rain was

Trees and other
vegetation will change
the rate of run off and it
also changes the rate of
surface erosion which
will affect water
turbidity and how much
water will be infiltrated
through the ground.

There’s a big difference
between water pollution
and soil pollution
because soil can move a
little bit but it’s going to
be relatively stationary
compared to a stream.

System behaviors,
boundaries ,levels

Water is constantly in motion, when it i

s in a larger body of water, it can get stu
ck there for a while but a single molecu
le of water is really constantly in motio

n. Water is constantly recycling itself an
d moving across the planet.

The white of the glaciers (or the blue in
some cases), reflects a lot of light, so it
currently helps to keep the earth cooler,
as we lose glaciers and as more land get
s exposed, now we have land that’s abs
orbing the solar radiation which then ge
ts re-radiated as the long way radiation,
that gets trapped for greenhouse effect,
that will increase the greenhouse effect.
It is a negative feedback loop, where it
keeps going, it’s continually feeding its
elf as the temperature increases and the
glaciers melt, and that’s going to increa
se the temperature change so it’ll contin
ue, and keep creating those changes ove
r time.
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Olivia’s Water Unit: “See How Water Plays its Role on Earth through Different
Perspectives™”

Oliva has been teaching the water unit as part of her earth science class for 11"
grade students. She usually teaches about water for only a week (80 minutes per day for
five days). While she wanted to teach more about water, she was only able to do so for a
week because she had a very tight schedule for finishing the earth science class in 42
days. Olivia’s water lesson was, entitled, “Water Activity.” The topics and activities
were organized based on Olivia’s knowledge of students’ prior knowledge and
misconceptions related to the concept of water. Olivia chose the activities that
“addressed the concepts that many students have misconceptions about or have
difficulty understanding about.” Table 4.4 is the summary of Olivia’s water unit based

on her lesson plans, materials she prepared, and her descriptions of how she will teach

this unit.
Table 4.4
Olivia’s Water Unit Summary
Lesson 1 Topic e Drop in a Bucket
(1/3_ ofa9 e Water Audit
Omin. clas  Learning 1. Describe the amount of water on Earth and why it is
s) Objectives not all available for human use or consumption

2. Reflect on your own water usage pattern and identify
areas where change is necessary or possible

Activities 1. To open the wunit about water, the teacher
demonstrates Drop in a Bucket showing there is very
little amount of water on Earth available for humans

2. Students will complete a week-long audit of the
amount of water they use. After a week, students will
discuss the importance of water use and small ways to
change.

Materials  Project Wet (Drop in a Bucket activity)
Water Audit chart sheet
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Lesson 2 Topic Water Cycle
(Three 90 .
min. class  Learning 1. Draw the water cycle
es) Obijectives 2. Model the energy balance in transformations
occurring during the water cycle
Activities 1. Ground water flow activity
2. Distillation activity
3. Transpiration activity
After completing these activities, students will create a water
cycle. Students will also look at the energy balance in the pro
cessed observed in the activities.
Materials  The materials for this activity were adopted from Investigatio
n Earth Systems: Water as Resource from the /t’s About Time
curriculum and Project Wet
Lesson 3 Topic Streams and Steam Table
(Two 90 Learning 1. Explain how water moves material and how the
min. class  Objectives carrying capacity is affected by the velocity and
es) discharge.
2. Identify the erosion and deposition pattern of streams
3. Compare and contrast different types of building
materials for dams and levees
Activities 1. Classroom lecture and discussion about streams
2. Stream table activity to explore how water can change
the landscape over time.
3. Making strongest levees out of many different
materials
Materials  Steam worksheet and stream table, materials for making leve
es.
Lesson 4 Topic Floods
(One90m  Learning 1. Understand natural flood cycle and its impact on land
in. class)  Obijectives 2. Evaluate local flood potential
Activities 1. Watching flood video clips on flash flood and the
great Missoula flood after the last ice age
2. Completing on-line flood worksheet about floods
Materials  Curriculum adapted from American Field Guide-Floods
Lesson 5 Topic Lakes/Wetlands/Karst topography
(One 90mi  Learning 1. Compare and contrast the 4 major ways lakes are
nclass)  Objectives formed
2. Explain the major roles of wetlands and the effect of
wetlands on water quality
3. ldentify Karst topography features
Activities 1. Class discussions about the creation of lakes and
wetlands
2. Complete on-line worksheet about Karst topography
Materials  On-line student worksheets
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Lesson 6 Topic Water quality and wrap up

(One 90 m Learning 1. Measure the following water properties DO, pH,

in. class)  Objectives nitrate, temperature, total dissolved solids and
turbidity

Activities 1. Student will test the water quality of a local stream

using different test kits (pH, nitrates, DO, etc)
2. Complete second half of the water audit sheet using
the information the teacher gives

Materials ~ Water quality test kits, information sheet for the water audit

Topics and main content knowledge. Olivia’s water topics in her water unit
could be categorized into two groups: 1) water cycle in physical earth systems context,
and 2) water quality in an environmental and ecological context. The content
knowledge in these two topics overlapped in some portions, but were clearly based on
two different perspectives to understand the role of water in earth system: 1) water as
physical or chemical properties in earth’s physical systems, and 2) water as a resource
for human and other ecological systems. The lesson topics, including water cycle, rivers
and lakes, wetlands and Karst topography, addressed the perspective of water as a
physical and chemical property. The topics including Drop in a Bucket, the water audit,
and water quality presented the perspective of water quality in an environmental and
ecological context. The topic of floods was present because it addressed natural

disasters and their impact on human society.

In the topics focusing on water’s role as a physical and chemical property in
earth physical systems, Olivia tried to teach basic content knowledge of how water
affects landscapes (lake, wetland, and Karst) and the specific geologic processes that
occur in the processes of developing the landscapes. She also tried to teach how water
constantly moves through different physical structures (ground water, aquifer, and

watershed) and physical models of energy transformations occurring during the water
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cycle. In the topics focusing on the perspective of water as a resource, Olivia tried to
teach how much fresh water humans can use and the issues of humans managing water
resources, including ground water. She also tried to teach basic concepts of human
water usage using the Water Audit activity and to improve the students’ knowledge as
well as their environmental stewardship through the Water Quality activity and Wrap up

discussions.

Olivia addressed that she needed to cover more geological aspects of the water
process rather than the environmental aspects because the lesson was part of an earth
science class. While she wanted to put more environmental topics related to humans in
the water lesson, she thought that she was not allowed to do so because of the lack of

time to cover it. She addresses this issue in the following quote:

“Because I don’t have enough time to spend as much time as I’d like on the
human aspect, if | can get the students to at least be exposed to it through there
it’s helpful to have them see some of that — that way, then if | ever did have time
to do more environmental there’s a fair amount of environmental perspective on

it. It’s just nice.”

Olivia believed that learning both physical and environmental perspectives of
water in earth systems would help students to improve their understandings of the
current water related issues such as water shortage, natural disasters, water resource

management and consequently will help students to develop environmental stewardship.

Presentations of content knowledge. Olivia addressed that all students have a
different level of understanding in regards to water and she wanted to help all of the

students gain a deeper understanding through her teaching. Olivia described how
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students’ build their content knowledge about the water cycle, which is from relatively
basic concepts of evaporation and precipitation to more complex concepts of ground
water, infiltration, and transpiration. For example, Olivia described that students hardly
got the concept of ground water in their water lessons. The following quote shows her
explanation of why she wanted to use ground water activities to help students’ advance

their understandings of the water cycle.

“Students learn about water cycle at several different points from their
schooling, ...but typically, students are able to look at this (water cycle image)
and get just the basics, the evaporation and precipitation. Some of the brighter
students ...will get things like condensation, run-off, sometime they’ll get the
ground water piece, but they never get would be transportation and infiltration,
so then they do the lab (ground water flow), and the lab has three parts to it, we
do ground water first, and with the ground water flow, there’s two different lab
stations set up, one where they’re looking at course grain, and what they need to
do is make a prediction of what they think the water levels will be in the ground
and then they’ll put the water in the model and actually see what the levels will
be. So oftentimes they’re going to predict that it’s going to go down from the tap
and then they’ll find out that it flattens out so they’ll be like, oh, that’s
interesting. Then they’ll add food coloring and time to see how long that food

coloring takes to go through.”

Olivia also added the distillation activity and transpiration activity along with
the ground water activity to help student understand important water cycle concepts

(evaporation, condensation, etc) through experiments. The distillation activity was used
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to show the process of distillation by evaporation and precipitation in a bowl covered
with plastic wrap and filled with salted water (dyed with green food coloring) and a
plastic cup in the center of the bowl. She sped up the evaporation process by putting the
bowl under two lamps because this activity was to help students understand a change in
water’s physical status by comparing the taste and color of the water before and after
the distillation process. The transpiration activity was used to observe plant
transpiration in a lab setting. Olivia set up a station with a plant covered by a
transparent plastic bag so the students could observe how water moves from the soil to
the air through the plant. Through the activities, Olivia helped her students understand

water moving process in different physical earth system.

Secondly, Olivia tried to connect her water lessons to her students’ everyday
lives. The water quality lesson was designed to use water samples from students’ homes
(water tap, lakes or rivers near the students’ houses). The main focus of the water
quality lesson was to help the students learn the concept water quality and what
determines the quality. By using water samples from the student’s home, Olivia could
easily engage her students in the lesson and help them to apply their scientific

knowledge to an everyday context.

Olivia also described many examples and issues related to water in a local
context. During the interview about her lessons, she described many local examples of
water quality issues and knowledge of local geological contexts that affect water quality
and the process of water moving. For example, she used a Minnesota watershed map to
discuss where watershed occurs in Minnesota and what it means for the water cycle

process in Minnesota’s geological structures. In her water quality lesson, she also used a
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local power plant as an example to explain heat pollution. By presenting knowledge of
water in the local geological and environmental context, Olivia presented the content

knowledge of water in a more realistic way to her students.

Olivia’s Water System Unit: “Teaching Critical Thinking Skills to See the Big Picture
of System Interactions”

The final interview with Olivia focused on her water system (water in earth
system) lesson plan. Before the interview she was asked to develop a unit as if she were
to teach water using earth system perspectives. Olivia prepared a unit for teaching water

in earth system by modifying her prior water unit.

Olivia said “I need to cover all the earth science content knowledge if [ wanted
to teach water system”. In her understanding, the water system lesson was teaching
earth systems using the concept of water. While she said that she could not separate
water from earth systems, she described the content knowledge and topics she wanted

emphasize by assuming that she had enough time to teach about water in earth systems.

Olivia believed that the main concept students need to understand about water in
earth systems is the interaction between water and earth’s sub systems, such as water
and the lithosphere, or water and the atmosphere. She described that, while sub-spheres
in earth systems are not separable, conceptualizing earth systems as a group of
interacting sub-systems would be helpful to most of her students in understanding the
whole picture of earth system interactions. In the following quote, Olivia explained
why using the concept of separate sub-system (spheres) is useful to address the bigger

picture of earth system interaction.
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“People like to compartmentalize, make things nice, pretty and neat and give
everything categories... only about ten to fifteen percent of the population
where they can look at the whole thing and they could see the separate
components but they could also see how it works at the same time, where most
of the general population when faced with a big picture, they can’t see all the
pieces, and they’re not going to be able to make it together so if we can create
the spheres and say we got this one, and you can learn something about each of
them and then go back and make the connections, for many people that’s how
their brain is going to work, better than trying to see the whole picture and pull
out the pieces, there’s two ways you can look at it, the whole, then break down
the whole or you can start with the separate pieces, then build it and put it
together, so | think one of the major reasons we do that is, that’s how we think,
that’s how our brains work, how we look at it, really it is all one big thing but
because we can’t handle one big thing, we have to separate it, break it down, and

then try to integrate it back together. So I think that’s why we break it down.”

Therefore, Olivia started the water system lesson with introductions of the four

spheres (Biosphere, Lithosphere, Atmosphere and Hydrosphere). The activity she

wanted to do with this introduction was to identify earth system phenomena as

interactions between these four spheres. For example, she asked her student find what

spheres plant transpiration belonged to the interactions between the spheres.

Using the concept of four spheres, Olivia could define earth systems as a bigger

system holding these spheres and that each sphere was a topic for each lesson after the

introduction. For example, Olivia introduced the concept of water in the lithosphere by
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covering topics like stream development, ground water, floods, weathering and erosion.
She wanted to start with the topic of the interactions between water and lithosphere
concepts because she had seen that that her students struggled more to define the
interactions between water and geosphere than the interactions between water and other
spheres. She also emphasized that the student’s knowledge of geologic structure was
fundamental to understand interactions between water and lithosphere because it was
about physical or spatial conditions for the system interactions. Olivia used the concept
of water and biosphere interactions and interactions between other spheres to address
the complexity of system behaviors in both the context of earth system itself as well as

earth system as part of the solar system.

In addition to the way of presenting content knowledge of water and other
sphere interactions, Olivia wanted to emphasize that how it is difficult for students to
understand interactions between systems and to interpret what happens in earth systems
as system interactions. In the following quote, she described that if one more variable
(for example, time) is added in the interactions, students hardly understand the concept

of system interactions.

“I try to incorporate the things together but when we do a project on geological
time and they make a geological timeline, then the reflection questions, I try to
get them to think about, how in time has animals or biological life effected
different spheres, so taking it from the biological sphere and looking at how it
effects the atmosphere and things like that, and they have a really hard time
making those connections on how one can affect the other, what changes can it

occur and what can it happen. I think they understand that they all interact, need
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each other, constantly working, but to pull out specific interactions or

relationships are hard for them.”

While, she explained that conceptual understandings of system interactions
require both content knowledge and critical thinking skills, she emphasized more on
critical thinking skills. In the following quote she emphasized the necessity of teaching
critical thinking skills to improve students’ understandings of system interactions using

the terms in Blooms taxonomy.

“I think partly a lack of knowledge but unless you’re taught some of those
processing and thinking skills, they are going to have a hard time putting it back
together, there’s still a piece they need to be taught and learn, learn over time, and
so for people that have developed that skill of seeing those interactions are going
to have an easier time connecting them together versus if they haven’t been taught
that, and critical thinking skills, and processing skills in general are definitely one
thing that I see, that we could be teaching better in schools....we could be
teaching in general, to think outside the box, think, process, if we use what’s
called Blooms taxonomy, getting those kids to analyze, synthesize and evaluate is
very difficult and I think putting the spheres back together and getting them to
make those connections is really in those three areas, really getting them to take
their knowledge, not only apply it, but analyze the changes, looking for cause and
effect, how they’re alike, comparing and contrasting, getting them to put those
together, to evaluate whether or not their ideas make sense or whether or not what
they’re seeing — I think that’s what makes it hard about connecting those back

together.”
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While Olivia’s water system lessons were not much different from her water
lessons in terms of earth science concepts, she wanted to emphasize the concept of
systems interactions more in her water system lessons. In addition, she addressed the
necessity of teaching critical thinking to help the students’ conceptual understandings of

the concept of systems interactions.

Summary

Olivia described various water-related topics using both global and local
examples such as the water cycle, water movement through earth’s surface, water
movement underground (including ground water aquifer and watershed), seasonal
changes of water table levels, and different sources of water pollution. Most of these
topics are deeply related to water pollution and water shortage issues that describe the
impact of human activities on water quality and water resources. Olivia also described
ecological components, such as vegetation, as part of earth’s physical structure and how
it affects the local environment by describing how trees and other vegetation affect run
off, landscape, and water erosion. Olivia had broad knowledge of water and could
explain important system behaviors and components such as how water behaves in

system boundaries.

Olivia’s water lesson topics and activities were organized based on her
knowledge of her students’ prior knowledge and misconceptions related to water. Olivia
chose activities that “addressed the concepts that many students had misconceptions
about or have difficulty understanding”, and tried to connect her water lessons to her
students’ everyday lives. She also described many examples and issues related to water

in a local context. Olivia believed that the main concept students need to understand
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about water in earth systems is the interaction between water and earth’s sub systems,
such as water and the lithosphere, or water and the atmosphere. For her water system
lesson, Olivia used the concept of interactions between water and other spheres to
address the complexity of system behaviors in both the context of earth system itself as
well as earth system as part of the solar system. In addition, she addressed the necessity
of teaching critical thinking to help the students’ conceptual understandings of the

concept of systems interactions.

Rebecca

Background

Rebecca has a bachelor’s degree in Nutrition and Biological Science and
master’s degree in Science Education. She is certified to teach General Science for 5-8"
grade and Life Science for 9-12™ grade. She has been teaching earth science for three
years at a junior high school in an urban area. Her earth science background is based on
her coursework throughout her teacher licensure program, and her research experience
with lake cores in a biology research center at the University of Minnesota. She also
took one professional development courses specifically focusing on earth science using

urban geology.

Rebecca has personal experience living near the ocean in Florida and Costa
Rica, canoeing the entire Mississippi River, and canoeing in southern Louisiana near the

Gulf of Mexico. She frequently used her life experiences to explain earth’s natural
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phenomena related to water such as watershed, river shape change, and water moving

through river systems to the ocean in her earth science class.

Rebecca’s Conceptual Understandings of Water in Earth System: “Water is Held by
and Moves through Different Reservoirs”

Conception of earth system. Rebecca described earth system as interactions
between earth sub-systems including hydrosphere, lithosphere and atmosphere.
However, she did not use specific examples in describing these interactions. In the
following quote, she describes that she could find more related concepts about water as
she had more experiences of teaching about water cycle. She named the advanced

understanding of the water cycle concept as a “different framework™.

“Um, well just with the different framework (water or water in earth sytem), and
I guess I’ve seen this (earth system) as I’ve progressed through several years of
teaching. My first year teaching, | talked about the water cycle. We drew
posters, and that was it. | didn't connect it to weathering and erosion. | didn't,
water cycling one time of the year, and then a different time of the year | talked
about weathering and erosion, I hadn’t combined those two even though the
major courses effecting or causing weathering and erosion are water based

forces, glaciers, rain, rivers, and all of that”

As the quote shows, Rebecca tried to describe earth system as interconnections
between related concepts and the more structured system of earth science content
knowledge around a topic such as water cycle. However, Rebecca limited her definition
of the earth system by using its three components: “land mass, atmosphere, and

hydrosphere”, stating that “the land mass is the majority of the earth system.”
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Conception of how water operates in earth system. Rebecca described that water
is cycled at some point but before the cycling process happened, it is held somewhere in
earth’s physical structure such as soil and plants. Rebecca described how water moves
and operates in earth system using the concept of water cycle. Rebecca described the
water cycle as four distinguishable processes: 1) “precipitation”, 2) “moving over the
ground (run off) or under the ground (ground water)”, 3) “evaporation”, and
“condensation”. In her description of the water cycle, Rebecca distinguished the
physical place of where water comes from and where water goes. Rebecca used three
physical places (“air”, “on the land or underground”, and “ocean”) to describe the water
cycle processes: 1) Moving from air to land is precipitation and it is, as she said, “a
process of water coming off from air and hit ground.” 2) Moving from land to ocean is
“a process that the precipitated water moves to the ocean to evaporate,” 3) “Going back
to the cycle by evaporating from ocean to air,” and 4) Changing water’s physical status
“from gas to liquid to move to land as precipitation”. The water cycle processes were
also strongly connected to water’s physical status such as “water vapor in the air or

liquid on the land”. She did not mention much about glaciers or snow, the solid status

of water as part of water cycle processes.

She also distinguished the water cycle process of “moving from land to ocean”
as two different places such as on the land or underground; 1) weathering and erosion
on the land surface and 2) water filtering through bed rock or underground materials.
The following quotes show how she described the water cycle as water moving through
earth’s physical structures and affecting earth’s physical structure especially on the land

and underground by weathering and erosion.
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“So if I was going to talk about interactions between land and the hydrosphere,
I’d probably break it down into two different sections, I would talk about the

weathering and the erosion. And then, another part of it would be ground water.”

As the quote shows, Rebecca described how water moves and operates in earth
systems based on physical places where water is and the physical places that Rebecca
described are connected strongly with water’s physical status of gas or liquid. She also
described the water cycle as a cyclic process in which “water is always going back to

cycling.”

Rebecca’s Earth System Knowledge (ESK) and Ontological Category of Water.
During the interviews, Rebecca addressed topics related to water such as water cycle,
ground water, volcano and water, and weather and climate using mostly her personal
experience of canoeing along the Mississippi River and living in coastal areas in various
countries. Interestingly, she used the topic of oceanic weather conditions more than
other topics when she described interactions between water and the atmosphere. The
following quote shows how she divided earth physical structure based on her
understanding of the interaction between water and earth surface and used the ocean as

the main physical structure to explain weather and climate.

“You could even divide it into three, what happens on the land, with water, what
happens in the ground and what happens in the oceans. So we could actually
divide the surface, um, to — the large bodies of water on earth. And what’s
happening in the oceans. How ocean currents affect weather, where the severe

weather is, because of currents. Could also be air currents and water currents.
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That would tie into the atmosphere some. Heating and cooling. Talking about

why we get different kinds of winds or storms.”

While she described much about daily weather conditions near the ocean, she
did not describe other aspects of the ocean in earth system such as how the ocean

operates as a solar energy distributer in a larger scale of earth system.

Rebecca demonstrated her understanding of physical structure where water
moves in and out as part of the water cycle such as underground, rivers, lakes, and the
ocean. However, she did not show a solid understanding of how water moves through
different physical places. While Rebecca said, “water will go back to the big cycle
sometime,” or “water is always going back to cycling,” she had a hard time describing
specific structures or processes of where and how water moves through. In the

following quote, Rebecca described the example of ground water.

“When you get to the igneous rocks, other rocks, maybe even metamorphic
rocks, it’s going to be a lot harder to permeate the rock, and so there’s going to
be a level that it stops at but in my head, | had trouble thinking, oh water just
goes so far and stops, but it kind of seems like it has to, it has to only go so far
otherwise we’d lose our water, it has to be accessible, go back into the water

cycle.”

This quote shows that Rebecca did not understand the possible structure that
water moves in after ground water hit a hard rock layer. Rebecca also described water-
related natural phenomena mostly as linear processes. For example, she described that
regions near large bodies of water, such as coastal areas and cities near the big lakes,

“are going to have more temperate climates because of a larger volume of water”
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because the “larger volume of water is stable to the heats held in it”. However, she did
not explain that it (temperate climate) is just because of the actual heat in the air or heat
that’s retained in the water for longer periods of time than the land. She did not explain
the mechanism of how heat in water bodies could affect the temperature of the air above
it.

She also described complex earth system interactions as direct and linear
processes in a smaller spatial and time scale. For example, she described the interaction
between the “big water body” (ocean) and the atmosphere mainly using the example of

daily air circulation or wind direction change near the coast line.

“Where you have lots of water available to evaporate and condense, it seems
like the water cycle speeds up, when you're by the ocean, there’s a lot more
volume, and it cycles quicker, so that’s another thing, not only do we get
precipitation that’s going to cause weathering erosion, it’s happening quicker by
the large bodies of water. Also the heating of the earth, caused by the sun, so
why do we get that cycle of 1:00 in the afternoon, there’ll always be a storm,
why is it 1?7 Why does the heating of the earth versus heating of the water by the
sun, how does that effect the cycling or water, what’s going on, the big focus is

the water and the precipitation.”

As the quotes shows, Rebecca thought that daily early afternoon rains were directly
related to the larger water volume (ocean) and short interaction between solar radiation
that heats the ocean immediately. She thought that the larger water volume sped up the

water cycle from the direct energy from the sun and consequently it caused immediate
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severe weather conditions. She conceptualized earth system interactions as very linear,

direct, and during short time periods.

Rebecca also did not completely explain the process of how snow and hail is
composed in clouds and why they falls from clouds, ground water moving through
different types of rock layers, ocean current, water in rocks or magma, and the
interactions between big water bodies and weather such as the development of

hurricanes. For example, Rebecca describe about hail as follows:

“What I always understood it to be... is that we have water molecules..... if it’s
cold enough up there, you’ll actually get a hail pellet, and I was told every hail
pellet at the center has a drop of dust. The hail is basically frozen water which
was up there in the form of rain but for some reason froze, the praxis test said
the water went up higher, every time it went up, another ring of water was added
to it, the bigger the hail pellet, the higher it rose, but | have a hard time thinking
of a hail pellet the size of a golf ball which I’ve not seen, going up. My practical

experience in life doesn’t match with their theoretical what should happen.”

Table 4.5 presents Rebecca’s knowledge proposition examples in ESKF. As
Table 4.5 shows, Rebecca’s ontological category of water was Process but most of her
propositions belonged to the sub category of linear process. She described water
movement mostly using the physical concept of water movement that depends on
gravity. She emphasized only the heat capacity of water as water’s chemical
characteristic rather than the dynamic interactions caused by earth physical structures or

water’s chemical characteristics.
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Table 4.5
Rebecca's Proposition Examples in ESKF

Ontological Category

Matter

Process

System

Matter and Structure

Linear process Multiple interactions

Complex system behaviors

Earth’s physical Water retains heat for a
structure and longer period of time than
material land

Human body is water

There is seepage from the river
into river bottom, rock and sand
and soil along the shores.

Sweating helps keep human body
cool by evaporating water from
skin.

Physical and
chemical change of

earth materials
Key

ESK
Energy source

Time and space
scale

System behaviors,
boundaries, and
levels

Ocean current affects weather in
land

Ocean currents carrying warm
water in one direction and cooler
water in other directions

Rivers are flowing as gravity is
pulling them down to the oceans

Switching of water levels happens
as the temperature of the lakes
changes through the seasons in
spring and fall.
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Rebecca’s Water Unit: “Water is Moving and Shaping Earth’s Surface”

Rebecca developed a unit for teaching about water as part of her 8" grade earth science

class. Her water unit included eight fifty-minute classes. She started the water lessons

by introducing the general idea of the water cycle and evaporation. The rest of the

lessons covered weathering, erosion, run off, and acid rain. The main content

knowledge she tried to cover in the water unit was about the physical changes of water

through evaporation and precipitation and how water physically shapes earth’s surface.

Table 4.6 represents the summary of her water unit.

Table 4.6

Rebecca’s Water Unit Summary

Lesson 1 Topic Introduction of water cycle
(One 50 m - e -
in. class) Learning  The students will be able to describe how water moves from
Objectives one position in the water cycle to another position
Activities  Discussion of where we find water and how it gets there
Brief display and discussion of the vocabulary involved in the
water cycle
Begin to make water cycle poster
Materials  Water cycle diagram from text book
Lesson 2 Topic Water cycle
One 50 m - - -
(in class) Learning  Student will be able to use their water cycle vocabulary and a
' Objectives pply it to differing scenarios
Activities  Student finish their posters and are asked to think of other sce
narios where water cycle processes would occur
Materials  Posters and rubric, class textbook
Lesson 3 Topic Evaporation and condensation
(TWOISO Learning  Students will be able to explain how water can be purified by
mlnéS(; ass Objectives evaporation and condensation
Activities Experiment of purifying salt water and water with food colori
ng
Discuss observations and reading text and worksheets
Materials  Lab equipment, worksheet, class textbook
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Lesson 4 Topic

Run off and erosion

(Two 50  Learning
min. class  Objectives
es)

Students will be able to explain why some locations experien
ce more runoff than others

Students will be able to explain at least three factors affecting
absorption vs. runoff.

Activities Looking at Rebecca’s pictures that show erosion and runoff n
ear rivers
Mini lab on types of soil and water absorption using sand, cla
y, topsoil, etc.
Materials  Equipment for lab (water, pitchers, buckets, soils)
Information on soil types and student worksheet
Lesson 5 Topic Weathering

(One50 m  Learning
in. class)  Objectives

Student will be able to distinguish between mechanical weath
ering and chemical weathering

Students will be able to explain how weathering changes the
earth’s surface

Activities Weathering lab using difference size of denture cleaners
Materials  Equipment for wreathing lab (denture cleaner, buckets, water
) and text book
Lesson 6 Topic Acid rain and pH

(One 50 m  Learning
in. class)  Objectives

Students will be able to explain how humans have contribute
d to the change in pH of rain water and how this is affecting s
tonework and weather of natural rock

Activities

Demonstration of color change in phenyl red with carbon dio
xide is added
Testing pH of house hold item

Materials

pH testing paper, phenol red

Topics and main content knowledge in water lessons. Rebecca’s water unit

topics can be categorized into two main topics: 1) water cycle and evaporation and

precipitation, 2) how water shapes earth’s surface through geological processes

including weathering, erosion, and run off. The last lesson dealt with the topics of acid

rain. The main focus of this lesson was chemical weathering by acid rain.

In the first topic, the water cycle, Rebecca focused on teaching the basic ideas of

the water cycle, where water exists, how it moves through different places, and that

water is constantly moving through the cycle. First, Rebecca was trying to teach basic
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water cycle vocabulary including evaporation, condensation, precipitation, etc. and then
she tried to show the evaporation process using a simple experiment of making purified
water through evaporation. The basic idea of the experiment was to demonstrate the fact
that water vapor is pure water molecules that do not bring the chemicals dissolved in
liquid water. In other words, basically what Rebecca was trying to teach was that water
evaporation is an important part of the water movement cycle even if we do not observe
it all the time during our everyday life. Rebecca thought teaching the concept of
evaporation was important because students could not observe the evaporation process
easily in their everyday life context. However, she did not mention that the evaporation
process takes place in many other places, including plants and soil. Rebecca also did not
mention ground water, watershed, and ocean as part of the water reservoir. In her
descriptions about the water cycle, lakes, rivers, and streams were the main water
reservoirs used to describe the idea that water is constantly moving and evaporating

even if we cannot easily observe this.

In the second topic, Rebecca focused on teaching how water shapes earth’s
surface through geological processes. She covered erosion, and run off and most of her
focus was on how the three different variables (soil type, ground cover, and slope)
affect run off or absorption of precipitation. The reason she focused on the three
different variables of run off was because she experienced how the slope, soil type and
ground cover affects run- off when she was growing up on a farm as well as by
canoeing the Mississippi River. The following quote describes her experience of run off

while she was canoeing the river.
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“I actually, where I grew up, we have really good top soil, it’s very fertile soil,
but just north of it was very sandy soil, I’ve noticed a different type of soil and
crops which can be grown in the soil can be different, is that sandy banks, and |
noticed this first when canoeing past the area where my parents live, a sandy
river bank will erode very quickly, very well, and if that’s what your objective is
— not only will you get erosion of that sandy bank but you’ll also get, all the
sand above it will collapse, so if you take sand out from underneath, it will just
eat away from the shoreline. Other shorelines that were made of clay, almost
pure clay, we could barely get out of our canoe because we were slipping down,
very little erosion in comparison, the river will eventually eat away but it’s much

more stable than a sandy river bank.”

She also said that she was using the erosion pictures she took when canoeing to show
real examples of erosion. While in her lessons, she described how water shapes rivers
and lakes through the erosion process, she did not much describe about the geological
process in or near the ocean. The following quote is her explanation of why she did not

cover the ocean in her classroom.

“Um, the hydrosphere that I don’t really talk about is oceans. I mean that’s the
majority of the land on earth, 97 % of water on earth is in the oceans, but unless
there’s a hurricane or tsunami going on, it doesn't really pop into the kids’
minds. I’ve had a couple kids who have lived on the east or west coast and they
talk about the ocean, its good having those students around as a resource, that’s

what we don’t think about.”
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As the above quote demonstrates, Rebecca did not teach about the ocean as an
important part of the water cycle because she thought it was not a good example in

helping students connect the water cycle with their life experience of lakes or rivers.

The last topic Rebecca covered along with weathering was acid rain. In this
topic, she wanted to teach how chemical weathering happens by using the example of
acid rain. The reason she chose acid rain was because her students could observe its
impact in their everyday life. In the lesson, she also tried to compare chemical
weathering and mechanical weathering using examples that her students could easily
observe in their lives such as how sidewalks get cracks when trees grow underneath
them and how freezing and thawing of the road affects cracks in road. Using this topic,
Rebecca also wanted to teach how humans affect the environment or the ecosystem,
such as how acid rain affects the pH of lake water and affects life in it. Rebecca really
liked the idea of using acid rain as part of the water unit not only because she could
expand her focus of water in geology to water in the environment or the ecosystem but
also because she thought that the water unit is more suitable to address environmental
issues related to water than the separated unit of the environment. The following quote

is her explanation of why she chose acid rain as part of her water unit.

“This idea of environmental education and like, pollution created by humans,
this is just in addition to this unit because we don’t have a separate unit for that,
so that’s why I expanded on that, give it more time in that unit. I’d rather do it
this way, like talk about the topics when they come up in the context that they fit
in better, if we talk about acid rain, I’d rather talk about it in a water unit rather

than you know, at the end of the year, it’s like, time to talk about global
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warming and acid rain, it’s time to talk about all the bad stuff we’re doing. I’d
rather talk about it in context. This is more comfortable for me. | know some

teachers who, at the end of the year say, we have to talk about all the bad stuff.”

Presentations of the content knowledge. Rebecca started her water lesson by
explaining the water cycle to the students and asking them to create their own water
cycle poster. She then moved on to the geological process related to water. The topic
she used in the water unit was not much different than the textbook except that she
changed the sequence of talking about acid rain. The following quote shows the
explanation of why she started her water lesson with the water cycle and then moved to

weathering at the end of the lesson.

“The topics follow the books but the sequence that I put them in is different. I
start with the water cycle because it introduces the processes that are going to
take place, evaporation, condensation, and precipitation because precipitation, a
lot of run off and erosion is due to precipitation. So the introduction is always
going to be at the front for me. For me, it just flows from water cycle to the
terms used in the water cycle, so we have evaporation, condensation, and then
once we have that, we’re going to have the precipitation, the third one, the other
big processes of the water cycle, um, precipitation is definitely going to tie into
the run-off and erosion, | think it’s started with run-off and erosion, before
weathering, because this is immediate, having a run-off, absolutely everything is
absorbed, but this is a process you can see a lot easier it’s happening to softer

surfaces, weathering, takes longer, having harder surfaces, natural rocks don’t

115



work, different types of things, so it’s getting more complex, and more abstract

for the students toward the end.”

As the quote shows, the lesson topics were getting more abstract and complex towards
the end of the unit in terms of how easily we could observe the natural phenomena and

how quickly it happened compared to others.

In the water lessons, Rebecca used very obvious examples that the students
could easily observe in their everyday life to explain the content knowledge. She also
used her own personal canoeing experience to teach erosion and run off. For example,
Rebecca used pictures of erosion and run off that she took when she was canoeing down
the Mississippi River. Rebecca also developed or modified experiments that were
simple and easy hands-on activities. For example, Rebecca’s weathering experiments
were easy enough for the students to learn content knowledge or ideas about erosion,
run-off, or weathering. Rebecca also wanted to cover less content knowledge to make
sure most of her students understood the main idea of each experiment. For example,
the weathering experiment was only focused on teaching the relationship between the
surface area and the speed of weathering by putting different size denture cleaners in

water.

Rebecca also did not teach earth science concepts if she thought that students
could not easily observe the concepts in their everyday life context. For example, she
did not want to address ground water flow, evaporation in oceans, and hard rock
weathering as part of the water cycle. Most of the difficult concepts she did not want to
address in her water unit were the concepts that require an understanding of geological

change over a longer period of time (geologic time scale) or understanding of
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geological structure that we could not easily observe in our daily life. Rebecca believed
that students could not easily capture these concepts through their everyday life
experiences. In the following quote, she explained that students hardly understand the

concepts that are related to the geologic time scale.

“A 12 year old doesn’t understand what 40 million years ago means. The
continents were at different location, mountain ranges do not look like they did,
things change and if you're talking about the scope of time, and changing a lot,
it’s a large scope of time, I don’t know, everything over 100 years ago, is the

same as 500 million years ago, to a lot of twelve year olds.”

As the quote shows, she thought that understanding geologic change over a longer
period of time was difficult for the students as well as for her. Because of that, she tried
to use examples that could demonstrate geological change that happens in a relatively
short time period and that are obvious for students to observe in their daily life such as

run off and acid rain weathering rather than mechanical weathering.

Rebecca’s Water System Unit: “Teaching Water in Geology, Environment, and
Chemistry”

Compared to the water unit, Rebecca’s water system unit had more content
knowledge related to water pollution and the ecosystem. Rebecca’s water system lesson
was an expanded version of her water lesson by adding three additional topics: water
system (water in different geographic places), basic water chemistry (pH, oxygen, and
temperature) and water pollution. In the water system unit, she wanted to emphasize

where water is in different geographic contexts like deserts and estuaries. Her water
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chemistry lesson was to teach basic chemistry such as pH and oxygen levels. She also

taught about how water pollution affects living organisms.

By including these additional topics, Rebecca’s water system unit could be
divided into three parts: 1) water cycle, including most of the topics in her water units
except acid rain, 2) water chemistry 3) and water and environment.” The water cycles
portion included content knowledge of the water cycle (evaporation to precipitation)
and geological interactions such as run off and erosion. The water chemistry portion
included content knowledge of water pH and dissolved oxygen in water. Lastly, the
water and environment part included water pollution and its impact on aquatic
organisms. Rebecca described that the main purpose of her water system unit is to show
“how water interacts with the environment around it.” In the following quote, she
described how she understood the connections between each part of the water system

unit.

“I think ... the main purpose, the overarching connector, would be just water
interacting with the environment around it. | mean water is an environment in
itself if you’re talking about aquatic species, but water is a factor of weathering
erosion, it plays a part in that, water is a chemical, interacts with different
chemicals in the environment around it, changes the environment around it, or
the environment changes the make-up of the water and solution it might be
making up, it’s definitely going to impact all living organisms, your plants,
animals and bacteria depending on not just if there’s water there, but the quality

of water, which is water chemistry.”
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As the quote demonstrates, Rebecca wanted emphasize that water is an
important part of earth’s physical system (lake, river) and its impact on earth’s surface
(erosion and weathering), chemical components of earth systems (chemical interactions
between water molecules and other chemicals), and the importance of water in living

organisms (water pollution and ecosystems) in her water system unit

Summary

Rebecca described earth system as interconnections between earth systems.
However, she limited her definition of the earth system by using its three components:
“land mass, atmosphere, and hydrosphere.” Rebecca described how water moves and
operates in earth systems based on physical places where water is located. The physical
places that Rebecca described are connected strongly with water’s physical status of gas
or liquid. She conceptualized earth system interactions as very linear, direct, and taking

place during short time periods.

The main content knowledge Rebecca tried to cover in the water unit was about
the physical changes of water through evaporation and precipitation and how water
physically shapes earth’s surface. Rebecca wanted to cover less content knowledge to
make sure most of her students understood the main idea of each experiment. She did
not teach earth science concepts if she thought that students could not easily observe the
concepts in their everyday life context. Furthermore, Rebecca used very obvious
examples that the students could easily observe in their everyday life to explain the
content knowledge. She also extensively used her own personal canoeing experience to
teach erosion and run off. Compared to the water unit, Rebecca’s water system unit

covered more content knowledge, such as water as chemical components of earth
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systems, chemical interactions between water molecules and other chemicals, and water

pollution and ecosystems.
Anna

Background

Anna is a high school earth science teacher in an area in between the urban city
and a suburban area. Anna has an undergraduate degree in geology and a master’s
degree in geochemical oceanography. She has research experience in geochemical
analyses of sediments (the concentration of trace metals in the ocean sediment) and
teaching experience as an instructor in an oceanography lab during her master’s
program. She has been teaching earth, space, and physical science for 10 years. At the
time of the interview she was teaching 10-11" earth and space science and physical
science (physics and chemistry) for 9™ grade students. Her earth science class was
structured as focusing on one earth science topic (geology, hydrology, and
meteorology) each quarter. The earth science class was structured this way for the high
levels of transient students at the school. Anna described the earth science class as “a
good class for kids who just need a half a credit or just need one credit or come in the
middle of the year and can’t just go into chemistry or physics because they missed half
the year and they wouldn’t be prepared for it.” Anna taught about water mostly in the
hydrology quarter where she focused on the water cycle, river stream development, and

the ocean.
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Anna’s Conceptual Understandings of Water in Earth System: “Water Moves as a Big
Circle with Lots of Side Trips”

Conception of earth system. Anna did not explicitly say that the earth system
has four sub-systems. However, she did describe earth system as different processes and

interactions on earth. In the following quote, she defines earth system.

“The different processes on the earth and how they interact. There are geological
processes and there’s hydrological and biological processes even get into that
though we don’t usually teach it in earth science. The atmospheric processes and
the astronomical processes. We tend to teach the students about them as

different processes but they interact and there is an interaction between them...”

As the above quotes show, Anna described earth system as processes and
interactions between earth’s sub-systems (lithosphere, hydrosphere, biosphere, etc.).
Anna described more examples of sub-system interactions using examples of how
humans interact with earth systems and how earth’s plates moves around and interact
with water. The following quote is Anna’s description of the interaction between water

and earth plates.

"When plate tectonics subduction occurs under the ocean almost everywhere, |
can’t think of anyplace it doesn’t occur under the ocean so you’re gonna have
full of water laden rock being pulled down into the mantle and that’s going to
end up melted into that magma mantle plastic material it’s going to be part of it.
Eventually it’s going to melt and that gets released, it’s there and if it cracks and

fissures and works its way back to the surface that water goes with it and that
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why you get water released in volcanic eruptions along with a bunch of other

chemicals that are there.”

Anna also emphasized the fact that earth system is a smaller physical system
within the bigger solar system. In the following quote, Anna describes a sequence of

earth system interactions starting with an asteroid impact.

“You know suppose an asteroid hits from outer space which causes earthquakes,
like an impact event it causes a big hole, the big hole is going to cause seismic
activity if it hits deep enough. Then it is going to release magma and mantle
activity. It is going to release dust into the atmosphere which can change the
global climate, that’s a big one. The tides, they’re caused by the moon, that in

and out movement causes erosion of the surface and moving the oceans.”

As the quote shows, Anna described earth system interactions using an event
(asteroid impact) caused outside of the earth. Anna also viewed earth system as a
system that holds bio systems, physical structure (geologic structure or lithosphere), and
fluids such as water and air that move between different earth physical structures; earth

interior, land (lithosphere), ocean, ground water, and atmosphere.

Anna also described earth system as a physical system that has different
chemical and physical components structured mainly as vertical layers: “earth’s

29 ¢¢

interior,” “earth’s surface,” and “air.” She also stated that earth system interactions or
processes happen on different time scales within the different vertical structures. For

example, Anna said, “Earth’s interior is a very static place that has different chemical

components compared to earth’s surface and air which is more dynamic.” In the

122



following quote, Anna describes water in earth system within different vertical

structures.

“water as an erosional agent, surface things, rivers how rivers develop as an
erosional agent over time and just as a movement waves and wind interactions
together, water is one of those. Whereas it doesn’t have as much to do with the
internal processes of the earth except it is part of the magma and under the

mantle and stuff it’s just one of the other chemical components.”

Conception of how water operates in earth system. Anna described how water
moves and operates in earth system using the concept of the water cycle. She described
water cycle as five different process; 1) “precipitation”, 2) “run off or going into ground
for filtration”, 3) “ground water flow”, 4) “evaporation from different water reservoir”,
and 5) “condensation”. She represented the water cycle as “a big circle with lots of side

trips.” In the following, she described the concept of water cycle:

“In a simplified way it is a big circle with lots of side trips and where it will sit
sometimes it is not always an immediate thing it doesn’t always go from rain,
runoff, ocean, evaporation it might sit in the groundwater for hundreds of years
and maybe come up some other way but in the simplified version it is a big
circle that moves around, and the earth’s volume of water is fairly constant there
is really no outside source adding so it just cycles over and over whatever it does

changing its phase over life.”

In this quote, she described that the “big (water) circle” has “lots of side trips (water
cycles)” with different time scales and spatial scales. She also described that the “big

circle” has a fairly constant amount of water moving and the water cycle had a
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directional process in which the majority of the water moved to a certain direction and
in the cycle there are many other small cycles in which “water moves to different places
and comes back to the major cycle”.

In the water cycle description, she also distinguished earth’s physical structure
as three major places: “air”, “earth surface”, and “earth interior”. In each place, water
moves with a different time scale and plays different roles. She described that water
could be part of a fast or active process when it moves through earth’s surface or water
could be part of a relatively slow process when it moves through earth’s interior in the

water cycle. In the following quotes, Anna explains waters’ role in different physical

structure:

“The water in the atmosphere moves heat, it’s a heat mover...water as an
erosional agent, surface things, rivers how rivers develop as an erosional agent
over time and just as a movement waves and wind interactions together, water is
one of those. Whereas it doesn’t have as much to do with the internal processes
of the earth except it is part of the magma and under the mantle and stuff its just

one of the other chemical components.”

Anna’s Earth System Knowledge (ESK) and Ontological Category of Water
During the interviews, Anna demonstrated her understanding of water’s functions in
earth systems, such as a heat mover in ocean currents, and how earth’s physical
structures affect water movements, such as how mountains stop clouds and create rain
on the windward side. She also demonstrated her knowledge of different time scales of
water movement through different earth physical structure such as how different rock

types affect ground water flow as the following:
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“An area where it’s usually dry might be full of water...it might take a few
hours or days to work its way back into the water table and it would dry up. To
leave that area it would dry up and evaporate back into the atmosphere and up
into plants and stuff that’s going to suck the water out or move into a lake or a
bigger body of water. Into the river. So that might be how it changes over time
how ground water moves back to a set level depending on how quickly it can

move through the...how much pore space or rock it can move through.”

Anna also explains her knowledge of the water cycle time scale as interactions
of rock cycle, such as how water molecules are released from volcanic activities and as
part of outgassing process from minerals as a longer-term process. For example, she
said, “Some minerals have water in their chemical formula and it doesn’t go away
unless except a volcano release water when it’s melted.” Anna also illustrated her
understanding of earth atmosphere development through earth history by saying, “The
evolution of the earth’s atmosphere and part of water is coming from when it outgases
which is in volcanic eruptions, when it’s that molten liquid, lava, mantle, magma, water

can come out with that because it is not bound up with the rock anymore.”

Furthermore, Anna described humans as a major cause of water pollution in
earth system through farming and other human activities that “put chemicals in water
resources such as rivers, lakes, and ground water.” In her description of human impact
on water in earth system, Anna also described how human usage of ground water will
affect geologic structures that hold aquifers and how much time it will take to naturally
fill the aquifers. Anna also used her understandings of earth physical structure

(geological structure) and time scale related to water movement through different rock
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layers to describe human impact on water in earth system.

Anna also described water as an interactive and consistent process by stating, “They
(water and earth systems) do interact, it’s not like it stops, and they constantly interact.”
Anna demonstrated her knowledge of earth physical structure, time and space scales
related to water and other earth sub-system interactions, and energy movement through
the water cycle (heat mover) by using the topics of weather and climate, erosion,
weathering, volcanic activity, ground water and river system development. While Anna
described multiple connections between water and other earth sub-systems to explain
the complexity of the water moving process, she did not mention how water moves
through earth system behaviors such as feedback loops and earth system boundaries,
and different system levels. Table 4.7 represents Anna’s knowledge proposition
examples in ESKF. As this table shows, Anna’s ontological category of water was

Process and most of her propositions belonged to the category of Multiple Interactions.
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Table 4.7
Anna's Proposition Examples in ESKF

Ontological Category

Matter

Process

System

Matter and Structure

Linear process

Multiple interactions

Complex system
behaviors

Earth’s physical Water has three physical

Ground water is connected with

structure and statuses lake
material Cloud is condensed water Rain fall at mountain windward
Physical and Cold (ocean) water brings the

chemical change of
earth materials

Energy source
Key

ESK

Time and space
scale

System behaviors,
boundaries, and
levels

oxygen when it sinks down to the
bottom of the ocean

Water moves down to the lower
elevation.

Solar energy is the major energy
source of the water cycle

Ground water level is changing
depending on seasonal
precipitation

Humans take out ground water
more than it is replenished
naturally

Wind and water on earth’s
surface both affect surface
temperature.

Thermohaline circulation is
density driven with the salt and
the temperature, but
temperature is a bigger factor.

The zone of aeration might be
saturated for a while during a
rainstorm and after a few hours,
that will have seeped down and
will dry out again and be full of
air not water because it will
have seeped down fast the
water table and back into the
ground water area
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Anna’s Water Unit: “Let’s Study the Most Fun Part of Water”

Over the course of a year, Anna taught earth science as four separate units;
hydrology, geology, space science, and meteorology. Different earth science classes
allowed her students to choose any one of the four classes that they wanted to take as
their earth science credit. Therefore, Anna needed to cover general earth science content
knowledge with a different amount of emphasis on each discipline (geology, hydrology,
space science, and meteorology) depending on the particular earth science class. Anna
stated that teaching earth science through a systems approach was not working for her
school curriculum. She explained that a segmented approach of teaching each
disciplinary topic (water, atmosphere, weather, geology) was much easier for the

students to understand than using an earth system approach.

Anna’s water unit was mostly based on her hydrology course curriculum.
Because her hydrology unit already focused on water and earth surface interactions
(groundwater, rivers, lakes, and the ocean), she just wanted to add basic concepts of the
water cycle and environmental aspects of water usage to her hydrology unit. Table 4.8
presents a summary of the additional water lesson parts that Anna developed to add to

her prior hydrology class.

Table 4.8
Anna’s Water Unit Summary Focusing on the Additionally Developed Water Lessons

Lesson 1 Topic Introduction of water property

(One45m [ earning  Student will be able to explain the characteristics of water an
in. class) Objectives d water property

Activities e Reading articles about banning water (article about
“dihydrogen monoxide™)

e Short experiment to find water from eight different

transparent liquids using pH paper and other
chemicals and equipment.
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e Water drop activity: a demonstration of how much
water on earth we can use

Materials  Project Wet activity book

Lesson 2 Topic Human usage of water, water quality

(Three 45  Learning  Students will be able to explain general properties of water an
min. class Objectives d human influences to their drinking water

es) Activities ¢ Video about water and human usage of water
e Drinking water analysis and writing a report about
how to test the quality of water

Materials e Video from the History Channel (“Modern Marvels
Water)
e Student worksheet for the analysis of drinking water.
Lesson 3 Topic Journey of a Rain Drop

(One45m  Learning Student will be able to explain water cycle and make a story
in. classes) Objectives of a rain drop journey using the concept of water cycle

Activities  Students tell the story of their raindrop as it moves it way thr
ough the water cycle.

Materials  Student worksheet to understand the story of the water

Topics and main content knowledge. The major topic and content knowledge
Anna chose for her water unit was about how water shapes earth’s surface through
different geological processes such as erosion, run off, weathering, and mass
movement. The additional part of the unit was mainly based on her understanding of the
important knowledge necessary to understand water as part of our environment. In the
additional lessons, Anna covered various topics in one or two week periods. The topics
included chemical characteristics of water (density, color, smell, and chemical property
as solvent), water quality (dissolved oxygen and other contaminant), and human usage
of water (amount of fresh water for drink and water management). However, the
additional lessons were more focused on teaching waters’ chemical characteristics and
less focused on chemical contaminants causing water pollution, the impact of water

pollution on humans and other life or ecosystems, other causes of water pollution, or
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good solutions for water pollutions. The following quote shows Anna’s description of

the focus of her additional part of the lessons.

“Well, this particular subset I want them to know about where their drinking
water comes from and how it’s processed, and then I want them to know general
properties of water and human influences to their drinking quality water, or how
we can affect that. That’s what we do for this week and a half or so within the
bigger context of all different hydrology things we do but those are for this

particular unit.”

In other words, the additional part of her water lesson was to add knowledge
about water’s chemical properties and particularly the topic of human usage of water
(water quality for drinking) to her prior water lesson that focused on physical
interactions between water and geologic structures. However, the majority of the
content knowledge in Anna’s hydrology class was still focused on geological processes

involved in water.

She did not describe in detail why she chose the additional topics for her water

unit. The following quote shows her description of the reason.

“Because they are important for kids to understand that stuff...I don’t know if
there is some specific reason...those are just things that kids should learn about
in earth science so that’s why I picked them. The water cycle is and where the
water comes from that’s related to other stuff and then the environmental stuff
other bits and pieces around the unit but it’s not specifically related to anything.

They’re kind of all related to different standards that kids have to learn.”
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The main reason she put water chemistry and water pollution in the water unit
was not addressed during the interview. In addition, Anna thought that the topic related
to water and that environmental aspects of water would be interesting to her students.
She said, “They are interested in what is related to their life and they care more about

environmental stuff.”

Presentation of the content knowledge. The sequence of the main content
knowledge in Anna’s water unit was interesting. After she covered the majority of her
unit, (the geological process involved in water), she moved on to a general review of
water because she thought that her students did not know much about waters’ chemical
characteristics and the water cycle. After the general water review, Anna moved on to
teach several interesting topics such as water pollution, human usage of water, and
natural disasters. At the end, she covered the topics and content knowledge about

different water reservoirs such as lakes, streams, and the ocean.

The activities she used in the unit were adopted from other curriculum resources
such as Project Wet. Anna explained that it was hard to find good high school level
earth science lab activities because most of the earth science curriculum book focused
on middle or elementary level experiment and activities. She also explained that she did

not have enough time to modify the lower level activities to the high school level.

To substitute activities or experiments, Anna often used videos and science
writing. For example, during the second lesson, she used a video from the History
Channel to show the broad ideas about how humans use water. Anna explained why she

liked to use videos in the following quote.
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“I like to have videos, the kids don’t necessarily like me to talk all the time its
good for stuff I can’t show. We can’t go to a cave; there’s not one around. It
shows a variety, it shows ice caves, and these kids have grown up on TV so they
are used to learning from videos it helps for the kids to see visuals, they like to
see the stuff and when we do weather, I can’t show them a tornado we shouldn’t
have people standing outside watching if it’s coming. So they can see the stuff
and learn from it. It is kind of an easy way to get through, especially for earth
science, for the other sciences, physics or chemistry there are not a lot of videos
for that but for earth science. ....I can talk about it but if I show them it works
better. | like videos and the kids like then as long as they stay awake which is

why we always have a worksheet.”

While videos are a good method to show bigger scale natural phenomena that
could not easily be observed, Anna was concerned that students’ attention would easily
be lost on the video content. Thus, when she had her students watch a video, she
always prepared a worksheet to make her students pay more attention. For example,
after watching a video about human water usage, students needed to write a report about
how to test well water quality by presenting them as a well tester. Anna assisted them in
writing the report by helping them to use high school level science vocabulary. Anna
believed that scientific writing was a good way to learn science by using a higher level

of thinking skills and by learning scientific vocabulary.

Anna’s water lesson was an extended version of her prior hydrology class. She
modified the class by adding more topics so that the student would be more interested.

She used very similar teaching methods as the ones she used in her prior hydrology unit
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such as watching videos and using scientific writing to teach these additional lessons.
The major topic of the unit was still focused on how water shapes earth’s surface and
about learning about different water reservoirs based on the geological aspect of water

movement.

Anna’s Water System Lesson Plan: “Teaching Small Parts First Before Introducing a
Big Picture of Earth System”

Anna was asked to develop a lesson to teach about water in earth system using
earth system perspectives. Anna developed a lesson unit by modifying her prior water
lessons. Anna stated that her water system lessons would not be much different from
her water lessons because she would teach the water system lesson as part of her
hydrology class. She mentioned that her school’s curriculum structure was the most
important reason why she was not teaching the water unit using a systems approach.
However, she described what would be the best approach to teaching water using a
systems approach if she would teach water as a system. Anna’s water system unit has
five major topics including: 1) water in the whole planet, 2) weathering and erosion, 3)
glaciers, 4) rivers, floods, and groundwater, 5) ocean, 6) natural disaster/ weather and
climate. If she could, she wanted to add more about weather and the climate as part of

her water system lesson such as storms, drought/fire, and global warming.

Anna’s water system unit began with teaching about the importance and effects
of water in the whole planet. This lesson was one-day (45 minute lesson) general
overview of hydrosphere in earth systems and water in earth’s sub systems such as
water in the biosphere, water in the geosphere, and water in the atmosphere. The rest of

Anna’s class could be groped as two major topics: 1) ocean and ocean current and 2)
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water in the atmosphere including precipitation, weather and climate including severe

weather (storm, hurricane and tornado) and global climate change.

First, Anna’s water system lesson is covering the topic of ocean as one of major
topics. Anna wanted to spend 2-3 weeks (45 minutes/per day) on the topic of the ocean
to cover ocean currents and the physical aspects of water moving in the ocean. While
Anna spend one day on ocean animals and life in the ocean, it was because the students
would love to talk about strange ocean animals. She explained, “Usually I’ll talk about
real things like geothermal vent communities and the weird animals that live around
that and the things that live at the bottom of the ocean because they’re strange creatures
and kids think they’re weird and kids like that stuff.” Anna also wanted to spend the
same amount of time (2-3 weeks with 45 minute lessons per day) on severe weather
such as storms, tornados, hurricanes, etc. Anna wanted to address the issue of natural
hazards in the water system lesson because the students were more interested in

knowing about natural disasters.

Anna described that teaching earth as a system was too abstract to the students.
In the following quote, Anna explained that teaching parts of the earth system in
different topics would be better for the student because students could not easily

understand the big picture of earth systems.

“Nothing is segmented. It (water) is all interactive. We might teach it (water) as
parts of a whole because it is easier. Everything affects everything else so it’s
very interactive and you can mention that to the kids but 14, 15, 16 year-olds
don’t understand. It is too abstract for teenagers. They sort of get it but it is just

easier to learn in bits and bits and pieces. And that is kind of the way it gets
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taught with a little bit of “hey by the way this influences this” and kind of
introducing them to that. At this age but it...it is just...they barely understand
the part let alone the big picture. So you kind of try to get a little bit of the parts
introduced and just a little bit of the big picture. It (earth system) is all kind of
cyclical just as we teach the water cycle as one big circle but it is not really a big
circle...it is not really the way it works kids but...it is just simpler to
make...you know they’ve got to understand the simple before they can get to the
grand scale of...you know it is not really how it goes evaporation, precipitation
ground water infiltration it doesn’t always go in a big circle sometimes it can
stay underground for years and sometimes it might go down into the river and
evaporate back into the river. It might not get to the ocean for 100 years. So | get
that it is this big interactive thing and you introduce that to the kids a little but it
is just easier to teach it in little bits and pieces when you’ve got to get it across

to them they don’t always understand the grand scale.”

As the quote shows, Anna thought that teaching earth system is too abstract for

her students. Anna believed that that learning small parts of the big system was a

starting point to understanding how the big system works. Anna also thought that if

students understand small parts of the earth system then the students could easily

understand the big picture of earth system. She said that “if the students get enough

pieces to put together”, then she could “help them to find where they need to put the

small part of information to make a big picture of earth system”. Thus, Anna wanted to

teach enough information about small pieces of earth systems before she taught the big

picture of earth systems.
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In regards to the content knowledge and its organization, Anna’s water systems
unit has three important characteristics: 1) it covered content knowledge that was more
related to water and its geological or atmospheric relations and less related to water and
biosphere interaction, 2) in each major topic (water and geosphere, and water and
atmosphere), it included natural hazards or disasters, and 3) there was not a strong
conceptual relationship between the topics. Anna’s water system lesson did not show
concrete connections between the content knowledge or topics in terms of a systems
approach. In other words, the topics and content knowledge were not organized based
on a concrete conceptual relationship or theme of earth systems. Overall, the concept of

earth as a system was not addressed well.

Summary

Anna described earth system as a physical system that has different chemical
and physical components structured mainly as vertical layers: “earth’s interior,” “earth’s
surface,” and “air.” She also stated that earth system interactions or processes happen
on different time scales within the different vertical structures. Anna described water in
earth system as the “big (water) circle” has “lots of side trips (water cycles)” with
different time scales and spatial scales. Anna also demonstrated her understanding of
water’s functions in earth systems, such as a heat mover in ocean currents, and how
earth’s physical structures affect water movements, such as how mountains stop clouds
and create rain on the windward side. While Anna described multiple connections
between water and other earth sub-systems to explain the complexity of the water
moving process, she did not mention how water moves through earth system behaviors

such as feedback loops and earth system boundaries, and different system levels.
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The major topic and content knowledge Anna chose for her water unit was about
how water shapes earth’s surface through different geological processes such as erosion,
run off, weathering, and mass movement. She also covered a little bit about knowledge
of water’s chemical properties and particularly the topic of human usage of water (water
quality for drinking) because she thought that the topic related to environmental aspects
of water would be interesting to her students. Anna mentioned that her school’s
curriculum structure was the most important reason why she was not teaching the water
unit using a systems approach. In her water system unit description, Anna explained
that teaching parts of the earth system in different topics would be better for the student
because students could not easily understand the big picture of earth systems. Anna
believed that that learning small parts of the big system was a starting point to
understanding how the big system works. Anna also thought that if students understand
small parts of the earth system then the students could easily understand the big picture

of earth system.

Amy

Background

Amy is a certified science teacher for 6th -8th grade middle school science and
9th -12th earth science. At the time of interview, she was in her third year of teaching
earth and space science in a suburban middle school. Amy has an undergraduate degree
in geology and geophysics and a masters’ degree in science education. During her
undergraduate career, she took a lot of classes related to geology including introductory

oceanography class focusing on water clarity and a geomorphology course focusing on
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how the earth surface’s changing was heavily involved with rivers, river systems, and

tributaries and general meteorology about weather and climate.

During the graduate program, Amy worked at the National Center for Earth
Surface Dynamic (NCED), a national research center for earth surface dynamics. At the
research center, she studied specifically about geo-surface and river system
development. She developed educational resources for educators, websites, and 3D
topographic maps about how rivers shape vegetation and delta formation. Her research
through NCED focused on river systems and how they change the landscape. For
example, she studied dam removal and their effects on rivers. She also created .lesson
plans for outreach programs that focused on how vegetation can help a river take the

form and shape the land.

Amy described earth science as a group of three major disciplines: Astronomy,
Geology, and Meteorology. She also mentioned that the topic of water came up in
different aspects in each discipline such as ground water and river system in geology

and ocean current, water cycle, and weather and climate in Meteorology.

Amy’s Conceptual Understanding of Water; “Water is Both Properties and Variables in
Earth System Interactions”™

Conception of earth system. Amy described the earth system as having four
spheres: biosphere, lithosphere, hydrosphere, and atmosphere. As she said, these four
spheres were “the basic components at the bottom of the pyramid” of earth system
interactions. However, Amy emphasized that how lithosphere (land) and atmosphere
(air) are interconnected is more fundamental than the ecological aspects of earth system.

The following quote shows Amy’s idea of the two important spheres:
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“An earth system is the geologic and atmospheric effects and how they are
related and their differences, and how they are interconnected. | am pretty quick
to ignore ecological impact. That’s the first to go. Human impact I discuss all
the time in class, so that’s part of it, but looking at the earth system, I kind of
look at the geological process and atmospheric processes, and between the two,

you can fit most earth science subjects in-between the two”

As the quote shows, Amy tried to describe earth system based on geologic and

atmospheric interactions. Moreover, Amy’s idea of the two fundamental spheres

(lithosphere and atmosphere) is related to her understandings of earth science discipline.

In other words, Amy’s conception of earth system is related to the way she trained as a

geologist. The next quote shows how her conception of the earth science discipline was

shaped by her training and affects her view of earth system.

“I usually do not look at vegetation, animals, and plants, and part of that is how
the standards are set up for me is my part of curriculum that we don’t really
teach but | think even me as an individual, just part of my demeanor, my
education growing up, | really rarely took any ecological based class where
looking at plants, animals, and their effects on earth system which that whole

biosphere is there but I usually don’t address it in my life or in the classroom.”

Amy also saw earth system from a larger spatial scale such as a component of the

universe or the solar system, like she said, “If I am looking at the earth system I look at

it...how is the earth placed in the universe in our galaxy in our solar system and how

the earth, moon system established is. | look at the earth a kind of grand place in

universe...” Amy also mentioned that “earth is a unique place that holds life in it as
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biosphere and hydrosphere in the universe”

Conception of how water operates in earth system. Amy described water
movement in earth system using the concept of the water cycle. She described the water
cycle as “water moving through the four spheres by cycling between them.” However,
she focused more on describing how water moves and operates in interactions between
the lithosphere and atmosphere than other spheres. Amy described water as both a
component and a variable in the interactions between the lithosphere and atmosphere.
She described water as a component of these two spheres by stating, “Water could be
part of the lithosphere in a solid form, like a glacier,” as well as that it “could be part of
the atmosphere in a gaseous form like water vapor.” She also described how water
could be one of the variables that could determine the earth’s surface change through
chemical reactions and physical processes. Furthermore, she emphasized that the
interactions between water and the two spheres (lithosphere and atmospheres) depend
on the temperature because it determines water’s physical status and process, such as
sublimation. The following quote depicts Amy’s description of the interactions between
land (lithosphere) and air (atmosphere) and how water and temperature determine the

interaction between land and air as important variables:

“The land would not be the same without atmosphere, and atmosphere wouldn’t
be the same without the land, that doesn’t even make sense to me, but if you
take away one sphere, the other one wouldn’t be able to function like it does.
Land and atmosphere are related, so there’s relationship between them and that
relationship a connecting factor would be water, another connecting factor

would be temperature, so there’s lots of ways they are connected, water can be

140



one of them because there’s that movement between them, land and the
atmosphere, and there’s cause and effect. So the effects of precipitation are
caused by the temperature of the land so causes and effects are part of that

relationship too.”

As the above quote shows, Amy thought water as both components of earth system and
one of the variables that could determine conditions of earth system interactions. She
also emphasized that the most important factor that affects how water works in earth

system is temperature.

Amy’s Earth System Knowledge (ESK) and Ontological Category of Water.
During the interviews, Amy frequently mentioned the importance of understanding
geographic or geologic structures to understand how water moves and operates in earth
system. She demonstrated her understanding of earth physical structure (geological
structure) using several examples, including how precipitation occurs at windward in
mountain ranges, the development of desert in rain shadow area, and river flow and
delta formation as a result of the relationship between water movement and geological
structures. She also described how different rock layers affect groundwater flow and
developing aquifers and the relationships between the locations of water sources and
human civilization. The following quote is an example of Amy’s description of

groundwater and geologic structures that affect groundwater flow.

“Groundwater is usually where the majority of drinking water comes from.
Groundwater needs more sedimentary rock. The rock layer below needs to be
sedimentary so the water can flow through it through the pores. Igneous rock is

usually if they’re more of volcanic origin, the water can’t be trapped in there.
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Good sources of groundwater is usually, more pure, Groundwater comes in the
sandy region. The sand acts as a natural filter to filter out any impurities, and
water can get trapped. | talked about limestone being a harder cap rock.
Sometimes water would get trapped above or below it, and then we can drill
down to get the groundwater. Areas with rivers and lakes lower water table.
Low elevation has more chance of groundwater than higher elevation. You have

to dig deeper to get groundwater’s table.”

Amy also described many examples of how the temperature determines the
moisture of the air and how temperature in different latitudes affects the ocean current
and affects regional climates such as that of England and France. Amy also described
that water moving process was always dependent on a variable like temperature. Amy
was knowledgeable about the multiple variables that affect the process of water
movement through the water cycle. The following quote shows her description of
variables that affect the process from evaporation and precipitation as part of the water

cycle.

“So the water evaporates from the ocean, goes into the atmosphere where it
condenses onto some type of particular manners, some condensation material,
the water vapor condenses onto those dusts, condensation material, and forms
the clouds. Depending on several different factors, temperature, altitude of the
clouds, amount of moisture in the air, if it condenses enough that will
precipitate, precipitation then looking at that kind of system, could be sleet or
snow if it’s cold enough hail, if it’s turbulent enough, it’s getting recycle and

updraft of the clouds, rain or drizzle if it’s warm enough.”
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Amy also shows her understandings of the variables that affect water moving
processes: Gravity (high elevation to lower elevation), rock type (porousness of
different rock type) and rock layer structure, water reservoir (e.g. lakes) connected to
the ground water source, and density in the ocean. She also explained how the variable
of earth’s rotation affects all the circulation patterns in bigger spatial scale perspectives
such as how Coriolis effect affects wind direction on a global scale and how wind
direction affects ocean circulation. In describing the variables, she also tried to explain
how water could play as a component or a variable in the interactions between earth

spheres.

Amy also showed her understandings of time and space scale of earth system
interactions. Interestingly, Amy saw the interactions between water and other systems
through a larger spatial scale and longer time scale perspectives. For example, in
describing climate change, she focused on a global scale perspective rather than a local
perspective and how atmospheric circulation determines climate in global scale. In
describing climate change, Amy also distinguished three geologic time frames based on
climate conditions change (temperature and precipitation): 1) hundred million years
ago, 2) ten to twelve thousand years ago, and 3) present. According to her descriptions,
the first time frame was when the earth temperature was warmer than present so the
evaporation and precipitation cycle was faster and more of a rain forest type
environment developed on the earth surface. The second time frame was colder than
present (ice age) so glaciers developed and sea levels dropped and the amount of water
in the cycling process was much less than present. Similarly, Amy used more examples

of longer time scale interactions between water and geologic structure (e.g. shoreline
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development) than the shorter time interactions (e.g. chemical reaction or run off) to

describe water in geologic processes.

Table 4.9 presents Amy’s knowledge proposition examples in ESKF. As Table
4.9 shows, Amy show her knowledge of specific earth physical structure related to
water, water’s chemical characteristics, knowledge of interactions between water and
other earth spheres, and understandings of detailed time and space scale of the
interactions between water and earth spheres. Based on the detailed knowledge Amy
showed, Amy’s ontological category of water was categorized as Process and most of

her propositions belonged to the category of multiple interactions.
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Table 4.9
Amy s Proposition Examples in ESKF

Ontological Category

Matter

Process

System

Matter and Structure

Linear process

Complex system
behaviors

Multiple interactions

Water evaporate from
the ocean and other
surface water

Earth’s physical
structure and material

Ground water flows through cracks
of the bed rocks

Physical and chemical
change of earth
materials

Key

Energy source
ESK

Time and space scale

System behaviors,
boundaries, and levels

Water shapes earth surface by
geological erosion process

Human change water cycle
process by changing earth

surface structure (e.g. building
dam)

Water temperature affect
ecological marine life

Earth mental is rotating by earth
interior energy

The size of sediment is dependent
on the humidity and weathering
process occurs faster

Direction of the ocean current
is affected by density, wind
direction, and Coriolis effect.
And the wind direction is also
affected by Coriolis effect
which is due to Earth rotation.

Cloud formation is depending
on several different factors,
such as temperature, altitude of
the clouds, amount of moisture
in the air

Minnesota’s seasonal change is
determined by its location in
northern hemisphere and in the
center of continent (earth
rotating around sun and
continental climate due to the
land mass location)
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Amy’s Water Unit, “Let’s study How Water Change Earth Surface”

Amy developed her water unit by combining content knowledge and topics from
the geology and meteorology units she previously developed for her 8" grade earth
science class. The reason she used content knowledge from these units was because she
thought these two units had more topics and content knowledge related to water than
other units such as astronomy. While Amy said that land and atmosphere were the two
main components of earth systems that formed the base of her units in geology and
meteorology, the majority of her water lesson was based on geology. She said, “Geology
is where the majority of my water lesson is ...but water comes up clearly in weather as
well.” Thus Amy’s water unit was a combination of her geology unit and her
meteorology unit with a major focus on water interactions with the geosphere. Table

4.10 presents the summary of Amy’s Water unit.

Table 4.10
Amy’s Water Unit Summary

Lesson Topic Introductions and River Erosion

(TWO 47 " Learning e Describe the processes that wear down and build up
min. class)  opjectives earth‘s surface

e Identify causes of mass movement

e Explain how water erosion is mainly responsible for
shaping the surface of land

e Explain how sediment enters rivers and streams

Activities  River lab: Students will model erosion and deposition of sedi
ments of varying sizes in braided streams
e Pre-activity: compare and contrast the behaviors of
suspended load and bed load in a stream
e Braided stream activity: setting up stream table and
observe how braided streams form and where
different sizes of sediment are placed (gravel and

clay)
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e Meandering stream activity: setting up stream table as
low angle and creating a meandering stream by hand
and a lake at the top of the stream, and observe where
sediment is eroding and depositing in the stream

e Cap rock stream and waterfalls; using sand and tiles,
model how waterfall is created.

Materials  Stream tables, sand, clay, tiles, and students’ worksheet for ea
ch stream activity.
L‘I?SSOZ,? Topic  Glacier
Wo . - -
rr(lin class Learning e |dentify two types of glaciers
es) Objectives e Describe how a valley glacier forms and moves
e Explain how glaciers cause erosion and deposition
e Model and examine the processes of glaciation
e Interpret and evaluate visual evidence of glaciers
Activities  Glacier simulation lab: students travel to six stations showing
different features of glacier erosion and deposition with their
group and complete questions on the student worksheet
Materials  Six stations for glacier activity (gravel, ice, soap, foam, etc.) s
tudent worksheet.
Lesson 3 Topic Erosion/River test
(Qne|47 m Learning e Describe some of the land features that are formed by
in. class) Objectives water erosion and deposition
e Describe the cause of groundwater erosion
e Describe how water is able to do work
e Describe the factors that affect river’s ability to erode
and carry sediment
Activities  Content knowledge test for the topic of weathering, erosion, d
eposition, and rivers test using 26 questions, including multip
le choice questions, drawing, and an open-ended question
Materials  Test sheet
Lesson 4 Topic ~ Weather and Climate
(I_:our|47 Learning e ldentify factors that influence temperature and
m'”é (; aS  Objectives precipitation
S

e Describe how water moves to and from the
atmosphere during the water cycle

Explain how clouds form

Identify the common types of precipitation

Describe how precipitation is measured

List the main kinds of storms and how they form
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Activities e Videos and readings about “weather factors”
e Lecture on global wind and water cycle using internet
e Lecture on solar energy and heat transfer
e Lecture on humidity and relative humidity, and major
types of precipitation
Materials  Active Art: internet lecture resource provided by textbook co
mpany.

Topics and main content knowledge. Amy’s water lesson was focused on teaching water
within two different earth science disciplines: geology (groundwater system, river
system) and meteorology (cloud, precipitation, water cycle, and humidity). The first three
lessons were about water erosion and the last lesson was about the water cycle with a
major focus on precipitation. The main purpose for the first three lessons was to teach
how water erosion was mainly responsible for shaping the surface of land. For the first
three lessons, she spent five (47 minute) classes teaching different types of water erosion
in different places (river and groundwater) and by different water reservoirs such as river
and glacier. Amy chose detailed content knowledge about river system development and
geologic structures that are related to the groundwater flow. The following quote
illustrates her description of the detailed content knowledge of geologic structures related

to groundwater.

“When we discussed the groundwater erosion, so talking about water since they
already know about rocks and minerals, they already know minerals are in
solution in water and how minerals can form crystallization and evaporation
processes. They already know minerals are in water and they already know about

limestone, so when we talk about groundwater erosion, we are talking about caves
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at that point as well, and so they’ll know that if the water is becoming more acidic
than acid then can get eat away the limestone but maybe not at an igneous rock
like granite or basalt. And so if groundwater is going through the limestone, it’s
gonna take materials, calcium, and carbonate in the limestone dissolving it into
the water, and then you are left with cave formations, that conversation is covered

there,”

Interestingly, Anna mentioned that she did not cover environmental issues related
to groundwater. She said, “I don’t talk about groundwater in terms of pollution or in
terms of our drinking water.” During the first three lessons, Amy spent most of the time
teaching how water shapes earth’s surface through geological processes using different
types of lab activities. Amy discussed the physical mass movement by erosion, potential
energy and gravity as energy source of erosion and water movement, different types of
river systems depending on the elevation of the land, surface structures developed by

glaciers, and how sediments were deposited by rivers and glaciers.

The main purpose for the last lesson was to teach how water affects weather and
the climate as form of precipitation. Specifically, the focus for the last lesson was to teach
what part of atmosphere is water (cloud and humidity) and how it moves from the
atmosphere to land (precipitation) as different physical statuses (snow, hail, rain). Amy
covered only covered content knowledge about storms (tornado) but she did not cover
much about the topics of climate. For the last lesson, she spent four (47 minute) classes
teaching about water in the atmosphere and how water moves in and out of the
atmosphere. While she discussed a little about the general idea of the water cycle and
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weather (storm), the main content knowledge she tried to cover in the lesson was about

different types of precipitation, clouds, humidity, and relative humidity.

Presentation of the content knowledge. Amy’s main concerns for developing lab
activities were her students’ different academic abilities and interests and how she could
get all the students excited and engaged in her lab. Considering her students’ academic
abilities and interests, Amy developed three different river lab activities based on three
different types of river systems (braided stream, meandering stream, cap rock stream and
water fall). Each activity required a slightly different setting and scientific knowledge.
For example, to make a meandering stream, the students needed to change the angle of
the stream table lower than the normal and explain how a lower angle of the stream table
is related to the shape of the river system while other settings did not require considering

the angle of the stream table.

Amy said that she would let her students choose any one of the lab activities that
made them comfortable. In her lab, the students could pick an activity that was more
interesting for them, spend a little bit of time to play with materials such as sand on the
stream table, then solve different levels of problems suggested by the teacher through
hands-on activities, drawing what they have observed through the activities and sharing
what they have learned with their peers after the activities. Amy used cooperative
learning strategies such as jigsaw puzzles to encourage her students to share their

knowledge with their peers.

Amy’s lab worksheets guides for both students’ learning and assessment. The

worksheets were developed based on the Blooms taxonomy for different levels of
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students’ academic ability. When she was developing the worksheet, she even considered
few students with disabilities in her class and wanted to give students opportunities to
choice different worksheet levels. Assessment and grading of the worksheets were also

done by considering the students’ ability and level.

Amy also believed that doing hands-on stream labs or glacier labs were very
important for the students to conceptualize how water moves and deposits sediment and
how water shapes river structures by experiencing smaller scale streams in the labs.
Based on her experience of researching at the NCED laboratory, Amy has a strong belief
that experiencing real scale river streams or even smaller scale hands-on activities to
understand the process of river stream development is very important to understand how

water affects the river system development.

Amy’s Water System Unit, “What are the Connections between Earth’s Four Spheres?
Let’s Find Those Using Stream Table”

Amy mentioned that her water system lesson focused on “how water fits into the
four spheres.” Her water system unit included an activity called the, “water budget,”
which measured students’ water use in their everyday life as well as general introductions
about water’s chemical characteristics (water molecule, boiling temperature,.). She spent
the first day of the lesson unit on this general introduction. The main part of the water
system lesson were seven day classes about water and earth’s four spheres including: 1)
water cycle (one day), 2) a one day introduction of four spheres in earth systems
(geosphere, hydrosphere, biosphere, and atmosphere), and 3) four day classes for

teaching each sphere and how water is related to each sphere. At the end of the unit, Amy
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also wanted to use the stream table activity she used for her water lesson unit to address

the connections between four spheres in earth system.

The main part of the water system unit, which is about four spheres, has topics to
show the common ideas of where water is in each sphere and where it moves from one
sphere to another sphere. Amy described one example of water movement between the
spheres like, “water moves out from plants through the process of transpiration and
moves in to atmospheres”. However, Amy did not address specific examples of the
interactions between water and the atmosphere. Her major focus in this unit was still the
geosphere. At the end of the water system lesson, Amy wanted to spend two more days
on the river lab as she did in her water unit. In the following quotes, she explained why
she wanted to add the river lab at the end of the unit even if she already spent a day on

the topic of water and geosphere using groundwater.

“Then the geologist in me couldn’t get rid of the river labs so there is an awkward
two days at the end where we can talk about, model the actual river lab and then
questions that would reflect about the water in the river in that system, how does
that interact with the four spheres. So it would be a review kind of cap and
hopefully they can talk about the geosphere with the erosion because they’ll be
able to see that. They’ll be able to talk about the hydrosphere because they can
address the water in the actual system but then how is that water affecting any
biology...we wouldn’t have any plants growing along the river but I could have

questions about real life examples of the Nile or the Mississippi and farmland and
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forests and stuff along there so address the biosphere and then how does the water

get there kind of questions leading them to the atmosphere.”

“It is well established and it’s a highly engaging, highly motivating activity for
the students because its stuff they can see right in front of them its an opportunity
for play and the way that the river lab is designed right now is so focused on
where is it eroding, where is it depositing but if we can take it and use it on a
grander scheme of “how did the water get there and where is the water gonna
g0?” “How is it affecting all four spheres?” I felt like the different level of
questioning that could be incorporated in that lab could easily look at what they

had been looking at the previous week in all four spheres.”

As Amy described in the above quote, she tried to address connections between the four
spheres in earth system using the topic of river system development in the stream table

activity.

Amy adopted an idea of how humans are related to each sphere to address the
interconnections between spheres from a curriculum entitled, “Water for People and the
Plant,” developed by Michigan State University. For example, in the lesson for water and
geosphere, she addressed the issue of human water usage, how humans manage finite
resources of groundwater and how human activity affects groundwater quality. In other
words, human usage of water and human’s impact of water quality was the connector to
show interconnections between biosphere and geosphere (groundwater) in Amy’s water

and geosphere lesson.
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Amy’s water system unit reflected her understanding of earth systems—that,
water as a material, moves through the geosphere causing weathering and erosion and
moves in and out from the atmosphere as a form of precipitation. While she mentioned
that earth system is interactions between “land” and “atmosphere,” the major focus of her
water system unit still focused on teaching water and geosphere interactions. Amy’s
focus on teaching earth system was teaching how water is a part of earth materials that
are flowing over the land and moving in and out from the atmosphere like she did in her
water unit. She did not address water as an overarching concept that connects all other

spheres and shows the earth as a system.

Summary

Amy tried to describe earth systems based on geologic and atmospheric
interactions. She emphasized that how lithosphere (land) and atmosphere (air) are
interconnected is more fundamental than the ecological aspects of earth system. She also
focused more on describing how water moves and operates in interactions between the
lithosphere and atmosphere than other spheres. Amy described water as both components
of earth system and one of the variables that could determine conditions of earth system
interactions. She also emphasized that the most important factor that affects how water
works in earth system is temperature.

Amy’s water lesson was focused on teaching water within two different earth
science disciplines: geology (groundwater system, river system) and meteorology (cloud,
precipitation, water cycle, and humidity). While she discussed a little about the general

idea of the water cycle and weather (storm), the main purpose for her lessons was to
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teach how water erosion was mainly responsible for shaping the surface of land using
different types of lab activities. Amy’s water system unit had topics designed to show the
common ideas of where water is in each sphere and where it moves from one sphere to
another. However, Amy did not address specific examples of the interactions between
water and the atmosphere. Her major focus in this unit was still the geosphere. Amy’s
water system unit reflected her understanding of earth systems—that, water as a material,
moves through the geosphere causing weathering and erosion and moves in and out from

the atmosphere as a form of precipitation.
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CHAPTER V: CROSS CASE ANALYSIS AND DISCUSSION

Overview

In this chapter, | describe the cross-case analysis results in order to determine the
relationships between the teacher’s conceptual understandings of water in earth systems
and the teachers’ selection and organization of the topics and content knowledge for their
water and water system units. First, | describe the similarities and differences between the
teachers’ conceptual understandings of water using three aspects: 1) the teachers’
conceptions of earth systems, 2) the teachers’ conceptions of how water operates in earth
system, and 3) the teachers’ Earth System Knowledge (ESK) and ontological category of
water. Based on the cross-case analysis, I answer the first research question, “What are
the teachers’ conceptual understandings of water in earth system?” Then I also describe
another cross-cases analysis of the similarities and differences between the topics and
content knowledge that the teachers chose for their water and water system unit. Finally, |
describe the relationship between the teachers’ conceptual understanding of water in
earth system and the topics and content knowledge they chose for their water and water
system unit using six common topics | found. Based on the cross-case analysis results, |
answer my second research question: “How do the teachers’ conceptual understandings
of water in earth system affect their selection and organization of topics and content

knowledge for teaching water in earth system?”
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Teachers’ Conceptual Understandings of Water in Earth System

Defining the teachers’ conceptual understanding of water in earth system is
difficult because it includes not only their detailed scientific knowledge of certain topics
pertaining to water in earth system but also their knowledge of the related scientific
concepts and the relationships of the concepts with the topic of water in earth system. In
other words, the teachers’ conceptual understanding of water in earth system is their
understanding of how the detailed scientific knowledge is related to explain how water
operates as components or sub-systems in the bigger earth systems. Therefore, | describe
the teachers’ conceptual understandings of water in earth system by using three potential
aspects that could represent their understanding: 1) the teachers’ conceptions of earth
system, 2) the teachers’ conceptions of how water operated in earth system, and 3) the

teachers’ Earth System Knowledge (ESK) and ontological category of water.

The cross case analysis of teachers’ conceptual understandings of water in earth
system was conducted through two steps: 1) making a comparison matrix that presents
each teachers’ conceptual understanding of water in earth system and 2) finding
similarities and differences between the teachers by comparing their conceptual
understanding of water in earth system. For the first step, | constructed a comparison
matrix (Table 5.1) that shows each teacher’s conceptual understandings of water in earth

system using these three aspects.
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Table 5.1

The Teachers’ Conceptual Understandings of Water in Earth System

Conception of Earth System

Conception of How Water Operates in Ear
th System

Earth System Knowledge (ESK) and ontologi
cal category of water

Basia

- A big natural system that is
composed of four spheres (bi
osphere, lithosphere, atmosp
here, and hydrosphere)

- An interconnected web of d
ifferent spheres

- Self-regulated feedback sys
tem

- Water cycle: 1) precipitation, 2) water
moving through the earth system, 3) evap
oration, and 4) condensation

- Overlapped cycles: water cycle is overla
pped cycles including rock cycle, or other
small scale water cycles through plants

- Detailed knowledge of human usage of wat
er, general water cycle pattern, and water mov
ement in large water body (e.g. ocean).

- Presenting the four categories of Key ESK e
xcept the category of “System behaviors, bou
ndaries, and levels” and conceptualizes water
as Process (Multiple Interactions) (Table 4.1)

Olivia

- A system that has four over
lapped and constantly interac
ting spheres (biosphere, litho
sphere, atmosphere, and hydr
osphere)

- Four spheres that interact as
a system and change and mo
ve earth materials

- Water cycle: 1) evaporation, 2) condensa
tion, 3) precipitation, 4) transportation, 5)
run-off across the land, 6) infiltration, and
7) ground water flow movement

- Water is constantly moving, even itself,
and recycling through earth system to mai
ntain earth system

- Detailed knowledge of the ecosystem, weat
hering and erosion process, water’s chemical
characteristics, earth physical structure, detail
ed water cycle through ground water, watersh
ed,

- Presenting all the category of Key ESK and
conceptualizes water as System (Complex Sys
tem Behaviors) (Table 4.3)

Rebecca

- Earth system has three com
ponents: land mass, atmosph
ere and hydrosphere

- Land mass is the major part
of the earth system

- Earth system interaction is |

- Water cycle: 1) precipitation, 2) moving
over the ground (run off) or under the gro
und (ground water), 3) evaporation, and 4)
condensation

- Water moving through different places (
air or land) and change its physical status.

- Detailed knowledge of general water cycle f
ocusing on surface run off.

- Presenting the four categories of Key ESK e

xcept the category of “System behaviors, bou
ndaries, and levels” and conceptualizes water
as Process (Linear Process) (Table 4.5)
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inear and direct and happens
in a short period of time

- Water cycle is directional

Anna

- Earth systems is a big physi
cal system that holds bio syst
ems and water because of the
distance from sun

- Water moves through earth
physical structure and air is i
nterconnected with atmosphe
re.

-Water cycle: 1) precipitation, 2) run off o
r going into ground for filtration, 3) groun
d water flow, 3) evaporation from differen
t water reservoirs, and condensation.

- Water cycle is a big directional circle but
it has lots of side trips with different time
scale (e.g. ground water)

- Detailed knowledge in the topics of earth ph
ysical structure, water cycle and earth surface
interaction, water in rock cycle including volc
anic activity, physical relationship between su
n and moon (e.g. tidal motion) and weather an
d climate.

- Presenting the four categories of Key ESK e
xcept the category of “System behaviors, bou
ndaries, and levels” and conceptualizes water
as Process (Multiple Interactions) (Table 4.7)

Amy

- Earth system has four overl
apping spheres: biosphere, lit
hosphere, hydrosphere, and a
tmosphere.

- Earth system is working ba
sed on the interactions betwe
en the two fundamental spher
es: lithosphere and atmosphe
re

- Water is part of both lithosp
here (glacier, ground water, r
iver, etc.) and atmosphere (as
water vapor)

-Water cycle: moving through four sphere
s as part of the four spheres

- Water plays its role in earth system as co
mponent of lithosphere (e.g. ground water
) and atmosphere (e.g. cloud)

- Water plays its role in earth system as va
riable that affects chemical and physical ¢
hanges of earth system.

- Temperature is the most important varia
ble that affects the interactions between w
ater and other spheres.

- Detailed knowledge in the topics of earth ph
ysical structure, water cycle and earth surface
interaction (river system, delta formation, coa
stal line development), water and human civili
zation, water in rock cycle including volcanic
activity and plate tectonics, physical relations
hip between sun and moon

- Presenting the four categories of Key ESK e
xcept the category of “System behaviors, bou
ndaries, and levels” and conceptualizes water
as Process (Multiple Interactions) (Table 4.9)
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Conception of Earth System

Similarities. Four of the teachers described earth system as a large natural
system consisting of four sub-systems or spheres: biosphere, hydrosphere, lithosphere,
and atmosphere. They described water as the hydrosphere of one of earth sub-systems.
They also emphasized that it is hard to describe hydrosphere as separate from other
earth sub-systems because the hydrosphere is intricately connected with other spheres in
earth system. All of the teachers described water and other spheres as interconnected.
All of them used weathering and erosion concepts as examples of the interactions
between water and the lithosphere as well as the concept of precipitation as an example
of the interactions between water and the atmosphere. Even if the teachers used
“system” language such as “sub-systems” and “interconnection”, there were differences

between the teachers in terms of the depths of understandings of earth system.

Differences. While the teachers’ description of the sub-systems of earth system
was similar (four spheres), they emphasized different aspects of earth system
interactions. For example, Basia focused more on describing general patterns of the
earth system such as matter cycles and feedbacks and used the term “interactions”
interchangeably with “overlapping cycles” or “feedback.” She saw the bigger picture of
earth as a system through her knowledge of biology. However, she did not provide
detailed knowledge about earth as a system and specific mechanisms of the earth
system. Basia assumed mechanisms of earth system like feedback inhibition in biology,
but she did not explain any specific earth system mechanisms, likely because of her lack

of knowledge on earth’s physical structure.
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Compared to Basia, Olivia focused more on describing micro-level interactions
between water and earth’s physical structures, the ecosystem and the biosphere. Olivia
presented detailed knowledge of how water affects geologic structures based on a
physical analysis and consequently how geologic changes will affect ecological systems
such as lakes and ponds. Olivia not only understood the content knowledge in detail but
also had very specific local examples related to her content knowledge. For example,
when she explained her understanding of water quality, she mentioned several local
environmental issues and a possible local cause of water pollution (high temperature

water from nuclear plant).

Rebecca’s idea of earth system was limited in the area of water and geologic
interactions. She briefly mentioned some biological aspects of water, such as the impact
of acid rain and water pH in a pond, but these ideas were not fully addressed in terms of
showing her understanding of water in the biosphere. It appears that her understanding
of earth system was related to her understanding of the earth science discipline. The

following quote shows her idea of the main (and separate) components of earth science.

“ When I’m thinking about earth science...I think about several different areas, |
think about pretty much the solid land masses...minerals, geology, tectonic plate
movement... volcanoes, earthquakes, things that you get from the moving of the
plates. In addition to the plates, we have the atmosphere, so that’s another whole
unit we spend, a couple months a year on the atmosphere, so there’s land

atmosphere and hydrosphere is like, the third component. I think of earth science

as three components.”
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As the quote shows, Rebecca described earth science as a grouping of three different
sub-disciplines. Similarly, she described hydrosphere as one of the three components of
earth system with atmosphere (“air”) and lithosphere (“land”). Rebecca did not
demonstrate an understanding of earth as a system. Specifically, she described earth’s
lithosphere as “land” and showed a lack of knowledge about the structure of the
lithosphere when she described groundwater flow. Furthermore, she also showed
misconceptions of water in volcanic activity and did not address any knowledge that is

related to earth’s inter structure.

Anna focused more on describing the physical characteristics of earth system
such as the interior structure or the physical relationships between earth and the sun or
the moon in the solar system as part of earth system interactions. She described detailed
processes of weathering and erosion, run off, groundwater and other geological
structures. For example, when she described possible impacts and natural processes that
might occur after an asteroid impact, she focused more on describing how it would
affect earth’s geologic events, such as a volcanic eruption, and then a rise in earth’s
surface temperature through atmospheric circulation. She did not address the impact on

the biosphere.

Amy also emphasized geologic aspects of the earth system. She addressed that earth
system interactions were based on two fundamental spheres: lithosphere and
atmosphere so most of earth’s natural phenomena could be explained using the
interactions of these two spheres. Amy specifically limited her description of earth

systems to the lithosphere and atmosphere. She did not connect any biological aspects
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to the interactions between water and the lithosphere except run-off rate depending on

surface vegetation.

Conceptions of How Water Operates in Earth System

Similarities. All of the teachers used the concept of the water cycle to describe
how water moves and operates in earth system. They used this concept to broadly
describe water moving processes in the earth system. All of the teachers used the
sequential water moving processes (precipitation, run-off, infiltration, evaporation, and
condensation) as common processes of the water cycle. They also emphasized the fact
that water is everywhere in earth system and the amount of water is constant. While all
of the teachers addressed that humans are a major source of water pollution, the details

of how humans affect water quality varied by the teachers.

Differences. The teachers’ understandings of how water operates in earth system
were different. Basia described the water cycle as overlapped cycles where water
interacts with other matter cycles (e.g. rock cycle) in complex networks. Basia
described water as moving through overlapped cycles and interacting with other earth
sub-systems as part of bigger system behaviors such as feedbacks in earth system.
However, Basia’s description of feedback did not show her understanding of earth as a
system. As | argued in the previous chapter, an understanding the earth system requires
not only a general understanding of the characteristics of systems but also specific and
detailed knowledge of earth system structure (earth physical structure) and mechanisms
within the physical systems. An understanding of system mechanisms is based on

detailed knowledge of earth system because it is hard to understand by simple causality.

163



Basia’s feedback description is based on simple causality that describes how one change

of a sediment deposit pattern can affect the stream shape in a direct process.

Olivia demonstrated her understanding of the chemical and physical
characteristics of water as well as its functional role in earth system as a medium of
moving matter or energy. Furthermore, she emphasized the functional role of water
rather than its physical movement in earth system. While Olivia described the water

2 ¢

moving process as “constantly moving,” “process of even itself,” and “recycling,” she
also emphasized the functional role of water in earth system, which is to maintain the
system. On the other hand, Rebecca represented the water cycle as a directional process
where water moves through different physical structures (air or land) and changes its
physical status based on the physical structure (e.g. liquid on earth, gas in the air, and
solid in glacier). Anna described the water cycle as a big directional circle that has lots
of side trips with different time scale depending on where the water cycles through (e.g.
earth’s interior takes longer time in water cycling). Amy did not emphasize the
directional moving process of water in earth system but rather the role of water in earth

system as a component of lithosphere and atmosphere as well as one of variables that

affects chemical and physical changes of the lithosphere and atmosphere.

Earth System Knowledge and Ontological Category of Water

Similarities. The frequent topics the teachers used to describe water in earth
system showed the scientific knowledge the teachers were familiar with. The teachers
addressed many topics related to water and there were certain topics that they addressed
commonly during the interviews. The common topics could be categorized into three

groups: 1) water cycle, 2) human usage of water and water pollution, and 3) climate and
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weather patterns. For the water cycle, teachers discussed the geologic process of the
water cycle (run off, weathering, and erosion) and the processes of the water cycle
(precipitation, evaporation and condensation). On the subject of human usage of water
and water pollution, most of the teachers described the source of fresh water (glacier,
river system, lakes etc.) and the different sources of water pollution including different
types of contaminants and high temperature. For the weather pattern, the teachers

addressed different precipitation types and seasonal changes of the weather pattern.

Most of the teachers demonstrated their understanding of the water cycle
process, geological structure due to the weathering and erosion process, and weather
patterns that are related to precipitation types (e.g. storms). Moreover, all of the teachers
conceptualized water as a Process in earth system with only Olivia showing a deeper
understanding of earth as a System. There are two main indications that show that the
teachers conceptualized water as a Process in earth system: First, the teachers were able
to describe how water causes changes in earth system, such as earth physical structure
change (erosion and weathering) while it moves through earth system, and secondly, the

teachers also mentioned that water is constantly moving through a cycle process.

Differences. The details of certain topics related to water varied by teacher.
Olivia, Amy and Anna were the only teachers who addressed the topics of ground water
and underground structures in detail. Amy and Anna described detailed knowledge
about underground structures that affect groundwater flow such as rock types and the
different time scales of groundwater flow based on different rock types. Olivia even
described more about potential sources of groundwater contamination and water shed

structures in addition to the ground structure.
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While Basia explained how geysers are one example of the interactions between
these two cycles, she did not show an understanding of specific geologic structures and
how water affects volcanic activities. Whereas Anna and Amy demonstrated detailed
scientific knowledge of specific geologic processes that occurred as a result of the
interactions between the water and rock cycles. For example, Anna and Amy connected
water as a variable for volcanic activity that could change the pressure of the magma
chamber and affect volcanic eruptions. Amy especially explained how volcanic activity
in subduction zones is related to the water cycle as part of plate tectonics and how water
affected these geologic processes. Rebecca was the only teacher who did not address the
topic of volcanic activity and its relationship with the water cycle. Anna and Amy
extensively described the geological aspects of water in earth system, such as how
earth’s physical structures (e.g. mountains) affects precipitation. Anna and Amy also
saw earth as part of a bigger solar system or universe and addressed the importance of

the distance between the earth and the sun for the existence of liquid water on earth.

Olivia extensively described the environmental aspects of water in earth system
and how it plays an important role in ecosystems in different perspectives, such as how
it changes the physical structure of ecosystems and water as part of living things.
Olivia’s explanations about groundwater were always related to groundwater pollution
and how it affects ecosystems that are connected to the groundwater source. While
Anna and Amy described possible sources of groundwater pollution based on the image
| showed, they did not communicate detailed knowledge of the consequent events that
could cause different earth system behavior through different ecosystems connected to

the groundwater. They did not extend their knowledge about physical underground
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structures to describe system phenomena that are about different ecosystems connected

to groundwater.

All of the teachers demonstrated evidence that they conceptualized water as a
Process in earth system. Basia, Anna, and Amy’s descriptions of the process between
water and earth system was Multiple Interaction. They showed an understanding of the
complex physical and chemical interactions between water and other earth sub-systems.
Baisa’s understanding of systems in general helped her to see earth as a system. She
described earth system phenomena using the concept of earth system, that is connected
and interacting. Thus her conception of earth system is Multiple Interactions. However,
Basia did not describe earth system phenomena using detailed knowledge of earth’s
physical structure and the specific time scale that is related to earth system phenomena.
Whereas Amy and Anna’ conceptions of earth system phenomena was based on their
concrete scientific knowledge about earth’s physical structures and time scale. Using
their knowledge of earth system, they easily describe earth system phenomena as

multiple interactions.

Rebecca’s description of the processes between water and other sub-systems
showed that she understood the water process in earth systems as a directional matter
moving process through different physical structures. She described water as moving
from one place (e.g. air, lake, and groundwater) to another place (e.g. ocean, cloud).
She conceptualized water as matter that is moving and changing earth ‘surface through
run-off and erosion. She did not connect the concept of groundwater as a physical
structure change, such as Karst or watershed. Therefore, Rebecca’s ontological category

of water was Linear Process rather than Multiple Interaction.
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There was only one teacher, Olivia, who conceptualized the water in earth
system as a System. Olivia’s explanation of water in earth system is more concrete and
complete. She connected concepts not only about earth’s physical structure but also
ecosystem interactions when she described earth science phenomena. As described
above, she described the concept of groundwater not only using her detailed knowledge
of earth’s physical structure-but also her detailed knowledge of the ecosystem to
describe consequent events that could be triggered by groundwater change. Olivia
described the process as Multiple Interactions as well as Complex System Behaviors, in
which water acts as a system component through various system behaviors (feedback
loops), in and between different system boundaries, and in different system levels of

earth sub-systems.

Research question 1

What are the teachers’ conceptual understandings of water in earth system?

To answer this research question, | first summarized the cross case analysis
results of the similarities and differences between the teachers’ conceptual
understandings of water in earth system. The similarities between the teachers’
conceptual understandings of water in earth system could be described in four aspects.
First, four of the teachers’ conceptions of the components of earth system were similar.
They conceptualize earth system as a big system with various sub-systems. They also
conceptualize water as an important component of earth system that is everywhere and
contains a constant amount in earth system. Second, their conceptions of general water

cycle process were similar. They conceptualize water cycle as a sequence of water
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moving process (precipitation, run-off, infiltration, evaporation, and condensation) on a
local and global scale. Third, the teachers frequently use the topics of 1) water cycle, 2)
human usage of water and water pollution, and 3) climate and weather patterns to
describe water in earth system. Finally, all of the teachers conceptualized water as a
Process that moves through earth system with chemical and physical interactions with

other earth sub-systems.

However, there were also differences between the teachers ‘conceptual
understanding of earth systems in terms of how they interpreted earth system
interactions between water and other earth sub-systems and the detailed earth system
knowledge they used to interpret it. As the ESKF (described in chapter 2) shows, the
teachers’ conceptual understanding of earth system could be categorized as a hierarchy
from the lowest level system understanding of Matter, to a higher level understanding
of Process (Linear Process, Multiple Interaction , to the highest level of a system
understanding of System. A lower level understanding is necessary in order to achieve a
higher-level understanding. Therefore, if someone understands water in earth system as

a Process, it implies that s/he already understands water’s characteristic as Matter.

Basia conceptualized the earth system as a self-regulated natural system using
an idea feedback in biological systems. While she demonstrated a broad understanding
of systems and described water in the earth system by using general system ideas, Basia
did not explain how water operated in earth system because of a lack of detailed
knowledge of physical structures and time and space scales of earth system interactions.
Thus, Baisa’s ontological category of water in earth system was not System but Process

(Multiple Process) because Basia did not demonstrate a detailed understanding of earth
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physical structure and how it affects system interactions between water and other sub-

systems.

Olivia conceptualized water in the earth system as a System. Olivia understood
that water plays a functional role in earth system by constantly moving and purify itself.
Olivia understood more about the human usage of water, water pollution in earth
systems, water’s chemical characteristics and micro-level interactions, and the moving
process through soil and plants. Olivia’s understandings of earth systems are not only
from her detailed earth system knowledge but also from her in-depth knowledge of
environmental science and ecological systems. Based on her detailed knowledge of
earth physical system and ecological interactions with it, Olive conceptualized water in

earth system as System.

Rebecca did not demonstrate detailed knowledge about earths’ physical and
geological structures, weather and climate, and earth as part of the bigger solar system.
She also demonstrated more misconceptions than the other teachers about how water
affects volcanic activities, how water holds energy in the atmosphere, and how specific
weather patterns develop and change through a different time scale. While she
described earth as having sub-systems, this was not based on her understanding of
interactions between the sub-systems but rather on her understanding of the earth
science discipline, which is a combination of different scientific disciplines such as
geology (“land”) and meteorology (“air”’). Because of her lack of understanding of earth
system, Rebecca conceptualized the water cycle as a Process (Linear Process) in which

“matter moves through different places.”
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While Anna had broader understandings about earth sub-system, hydrosphere,
atmosphere than Amy, their understanding of earth system was based on their detailed
knowledge of earth’s physical structure. They conceptualized the earth system as a big
physical system with an emphasis on physical structure and the interactions between the
atmosphere and lithosphere. Anna and Amy showed their understanding of physical
relationships between earth and other celestial objects (Coriolis effect, tidal effect, or
asteroid impact) and often described bigger scale atmospheric or oceanic circulation
when they described earth system interactions. They demonstrated more detailed
knowledge about how earth’s physical structure affects how water level changes
underground affect lake and stream water levels, development of aquifers, minerals in
water, and sedimentation process through river systems or weathering and erosion by
water. However, they did not demonstrate a deeper understanding of how earth’s
physical structure is related to the earth system phenomena. They did not demonstrate
the water process through plants or animals or any micro-level interactions. Instead,
they focused more on the physical system rather than the biological system. Anna and
Amy conceptualized water in the earth system as Multiple Process because of their lack

of knowledge of how earth’s biosphere interacts with other sub-systems.

Considering the relationships between the aspects of the teachers’ conceptual
understandings of water in earth system described above, it is clear that the teachers’
detailed ESK knowledge of how water operates in earth system is related to their
conceptions of water in earth system and the ontological category of water in earth
system. To understand earth as a system, teachers need to understand earth’s physical

system and ecological interactions related to the physical system. An understanding of
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the general system is not enough to understand earth as a system because earth system
IS a unique system that has different sub-systems with different characteristics. Detailed
content knowledge of isolated earth science concepts is also not enough to understand
earth as a system because the isolated content knowledge is not representing earth as a
system unless it is conceptually interconnected. These results show that teachers’
content knowledge within a single science discipline can be problematic in developing
an understanding of earth as a system. Teachers need a conceptual understanding of
general systems, knowledge of earth’s physical system, ecosystem or environment, and
more importantly, how this knowledge is conceptually connected in order to present
earth as a system and to understand the system mechanisms (e.g. feedback) that exist in

the unique earth system.

The Topics and Content Knowledge for Water and Water System Units

In this section, | describe the similarities and differences between the teachers in
terms of the topics and content knowledge they chose for their water and water system
units through a cross case analysis process. The teachers were asked to develop water
units after the first interview. After the third interview, which focused on their
understanding of water in earth system, the teachers were asked to develop a water

system unit for teaching about water using a system approach.

| analyzed the water unit and water system unit separately and I describe here
the similarities and differences between the teacher’s selection of topics, related content
knowledge, and the organization of these. I also considered each teacher’s school

curriculum structure. For example, Anna taught hydrology as one of four earth science

172



courses based on her school curriculum whereas others just taught earth science or

environmental science.

The analysis was conducted through four steps: 1) finding and categorizing
topics that the teachers chose for their water lesson units, 2) making a comparison
matrix that presents the topics and content knowledge presented to teach the topics, 3)
finding similarities and differences between the topics and content knowledge in water
units between the teachers, 3) finding similarities and differences between the topics
and content knowledge in water system units using the same process as described in
steps 1 and 2, and 4) describing the results of the cross case analysis by considering the
comparison results from both water units and water system units. As the main purpose
of this study is not to describe specific teaching strategies or a sequence of activities
related to the topics, I focused more on describing each teacher’s water and water

system lesson units based on the topics and content knowledge they chose.

Topics and content knowledge Selected for water units

The topics that the teachers selected for their water units were categorized into
five main topics: water cycle, water and geologic structure, weather (natural disaster),
human usage of water, and water quality. Based on the topics, | described the summary
of the content knowledge the teachers chose for their water units. Table 5.2 presents a
comparison matrix of the common topics and content knowledge used in the teachers’
water units. It also shows the order of the topics in each teacher’s water unit as a
numeric number in the right column of the content knowledge. For example, the unit

started with the topic that has a number 1 in the right column.
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Table 5.2

The Topics and Content Knowledge Selected and Organized for the Water Units

Jeache Basia Olivia Rebecca Anna Amy
r
Topics
Water C | - Water cycle pr | 2| - Water cycle proces | 2| - Water cycle proc | 1| - Water cycle proce | 4| - Water cycle (focu | 2
ycle ocesses (precipita | *| ses (precipitation, run | *| esses (precipitation | *| sses (precipitation, e | *| sing on the process | *
tion, evaporation, | *| off, ground water, ev | *| , evaporation, and | *| vaporation, run-off, of precipitation and
condensation, etc | *| aporation, etc.) *| condensation, etc.) | *| etc) run- off)
) *| - Ground water flow - Evaporation and
- Water purifying | *| and underground stru Distillation
process (filtration | *| cture
and distillation) | *| - Evaporation and Di
stillation process
- Water cycle throug
h Transpiration
- Energy balance thr
ough water cycle
Water a - Water and landscap | 3| - Run-off and Ero | 2| - Weathering and er | 1| - Erosion and depos | 1
nd Geol e change (river, strea | *| sion *| osion by glacier, rive | *| ition of sediments *
ogic Str m development) *| - Surface conditio | *| I, ground water, etc.) | *| - Water and landsc | *
ucture - Lake formation *| n affecting run-off - Run-off and mass | *| ape change (focusin | *
- Wetlands rate (focusing on t movement *| g on stream develop | *
- Karst topography, i | | P S0il) - Stream developme : ment) "
*

ncluding water and c
hemical reactions

- Weathering (me
chanical and chemi
cal weathering)

nt

- Glacier and its i
mpact on earth surfa
ce
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Weather - Natural flood cycle |4 - Precipitation types | 3
(Natural - Flood and its impac | * - Humidity *
disasters ton land - Cloud formation | 7]
) - Evaluation of local - Weather factors "
flood potential
Human | - Amount and di | 1| - Amount and distrib | 1 Human usage of wat | 3
Usage o | stribution of avail | *| ution of water in eart | * er and impacts of hu | *
f Water | able fresh water | *| h system man activity on drin | *
- the relationship | *| - Fresh water distribu king water
S between human tion and availability
society and water - Audit of water usag
resources (politic | | e (individual usage of
al and scientific a water)
spect)
Water Q - Water quality prope | 5| - Acid rain and wa | 3| - Chemical characte | 2
uality rties: dissolved oxyge | *| ter pH *| ristics of water and | *

n, pH, nitrate, temper
ature, turbidity, etc.

- Local stream qualit
y

water property (e.g.
pH)
- Water quality test

* depicts one class period (40-80 minutes) that the teachers spent on the topic
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Similarities. The “Water Cycle” (processes) was the only topic chosen by all of
the teachers. While the teachers taught different grades (ranging from 8" to 12™), all of
the teachers chose the water cycle for their water unit. All of the teachers except Basia,

who teaches Environmental Science, chose “Water and Geological Structure”.

Differences. While the teachers chose similar topics based on their specific
standards and grade level, they gave different emphasis to each topic. In other words,
the details of the content knowledge addressed within the same topics were different
depending on the teacher. The order of the topics was also different depending on the

teacher.

Basia started her water unit with a very relevant topic, human usage of water.
She covered simple scientific concepts about fresh water sources (e.g. groundwater) and
encouraged students to find the relationship between big cities and water resources
using different types of maps. Then she moved on to teach one important scientific
concept, the “evaporation and condensation” process in the water cycle using a
distillation and infiltration experiment. She spent seven 80-minute class periods
conducting the experiment. This equaled two thirds of her unit. Compared with other
teachers, Basia focused much more on improving students’ critical thinking and
problem solving skills rather than teaching scientific content knowledge. She did not
emphasize the definition of water quality or chemicals in water pollution but rather how
it is difficult to obtain fresh water from other water sources. Basia covered less content
knowledge than any of the other teachers Amy and Anna did not spend much time
covering the detailed process of the water cycle. Amy covered the content knowledge

of the water cycle when she started teaching the second topic, “Weather.” Anna covered

176



the water cycle at the end of the unit as a review. Both of them spent most of their
lesson focusing on Water and Geologic Structure and emphasized geologic processes
such as weathering and erosion, river system development, and delta formation. Both
Anna and Amy started their lesson with “Water and geologic structure” and spent half
of their lesson on this topic. Amy did not cover any topics related to the “Human usage

of water” or “Water Quality.”

Rebecca started her water unit with a general introduction of water cycle. She
thought this is very basic but important concept that her students needed to learn before
moving forward. She emphasized basic concepts of evaporation and condensation using
a simple experiment. However, her emphasis on water cycle process was limited in the
content knowledge of surface run off. Rebecca emphasized run-off and its relation with
surface conditions (top soil, vegetation, etc.) in the same topic of “Water and Geologic
Structure.” She did not emphasize content knowledge related to a bigger scale stream
development as compared to Anna or Amy. She also did not provide any content

knowledge that was related to the topic of “Weather” and “Human usage of water”.

The detail and organization of the content knowledge Olivia and Anna chose for
the content knowledge of groundwater is also interesting. For example, Olivia covered
“ground water” along with the knowledge of the other water cycle processes. She
wanted to emphasize spatial and temporal characteristics of ground water flow by
comparing it with other water moving processes such as river flow or run-off.
Furthermore, she also wanted to emphasize that ground water is an important part of the
general water cycle because she thought that students hardly understand the concept of

infiltration as part of the water cycle. Whereas, Anna decided to teach ground water as

177



part of the geologic processes, along with other geologic processes by water, such as
glacier erosion. Her focus on the ground water content knowledge was not about the

water cycle but rather about geologic processes related to water.

Basia and Olivia emphasized the environmental aspect of water but Olivia
chose more detailed content knowledge than other teachers to teach the “Human Usage
of Water” and “Water Quality” topics. Olivia’s “Water Quality” lessons covered more
content knowledge than other teachers who covered same topic and were more related
to the environmental aspect of water. For example, while Anna covered water’s
chemical characteristics and pH in the topic of “Water Quality,” Olivia chose to teach
not only water’s chemical characteristics but also how to measure water quality and the
important determinants of water quality. She also connected the water quality topic with
the ecosystem and used more local examples, such as local lakes and river quality, to
address possible sources of water pollution and its impact on water life and humans.
Rebecca taught about acid rain and water pH, which falls under the “Water Quality”

category.

As the above results show, the teachers’ choice of topics and related content
knowledge varied. Particularly, the content knowledge each teacher chose for the same
topic and the emphasis on the content knowledge were very different from teacher to
teacher. The teachers chose content knowledge that they are familiar with or that they
thought they understood better than other topics. They also organized the topics in
different orders based on their understanding of each topic. For example, Anna and
Amy, both trained geologists, started their water unit with “Water and geologic

structure” and ended up spending half of their lesson on that topic. Amy also included
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content knowledge related to the “Weather” topic (humidity, cloud, and precipitation)
because she viewed meteorology as another sub-discipline of earth science that
addresses the content knowledge related to the topic of water along with geology. Olivia
tried to include as much content knowledge as she could because she knew that water
could not be taught with one or two topics; rather, it is related to most of the topics in

earth or environmental science.

Comparison of the topics and content knowledge between water and water system units
Most of the teachers developed their water system units by adding or deleting
certain topics and related content knowledge from their previously developed water
units. Four of the teachers added a new lesson to teach “Earth System.” Content
knowledge in each topic was also reorganized by adding new content knowledge or
deleting previous content knowledge. | developed Table 5.3 based on Table 5.2 to
present the topics and summary of the content knowledge the teachers changed for their
water units. | present newly added topics and content knowledge in italics to distinguish
it with the ones used for both water and water system units. I did not present the “Water
Cycle” topic because there was no difference in terms of content knowledge and order
of the content knowledge as compared to the teachers’ water unit. The topic order they
presented in the water system unit was also the same as their water unit, except for the
first lesson which focused on Earth System. Anna added “Weather” and “Human usage

of water” at the end of the unit.
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Table 5.3

Comparison of the Content Knowledge Selected for the Topics in Water and Water System Units

eacher
Topics

Basia

Olivia

Rebecca

Anna

Amy

Earth Sys
tem

- Introduction of ear
th system

- Earth system patter
n (e.g. matter cycles,
overlapped cycle or i
nteractions)

- Earth system

- Earth sub- systems (
four spheres)

- Identifying Earth sys
tem interaction

- Hydrosphere in eart
h system

- Earth sub-systems

- Ocean: ocean curre
nt and ocean animals

- Introduction of eart
h system and sub-syste
ms

Water an

d Geologi

¢ Structur
e

- Water and landscape
change (river, stream
development)

- Lake formation

- Wetlands

- Karst topography in
cluding water and che
mical reactions

- Water and geologic
interactions as comple
x earth system interact
ions

- Run-off and Erosion
- Surface condition af
fecting run-off rate (fo
cusing on top soil)

- Weathering (mecha
nical and chemical we
athering)

- Weathering and eros
ion by glacier, river, g
round water, etc.)

- Run-off and mass
movement

- Stream development

- Erosion and depositi
on of sediments

- Water and landscap
e change (focusing on
stream development)

- Glacier and its imp
act on earth’s surface

- Interactions betwe
en water and earth (lit
hosphere) : River syste
m development

Weather
(Natural
disasters)

- Natural flood cycle

- Flood and its impact
on land

- Evaluation of local f
lood potential

- Severe weather (stor
m, tornado, hurricane,
etc.)

- Precipitation types
- Humidity

- Cloud formation

- Weather factors
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Human

Usage of
Water

- Amount and distrib
ution of available fre
sh water

- Relationships betw
een human society an
d water resources (po
litical and scientific a
spect)

- Amount and distribu
tion of water in earth s
ystem

- Fresh water distribut
ion and availability

- Audit of water usag
e (individual usage of
water)

- Human usage of wat
er and impacts on hum
an activity in drinking
water

- Interconnections bet
ween biosphere and h
ydrosphere: Human us
age of water and its i
mpact on earth sub-sy
stems (e.g. ground wat
er)

Water Qu
ality

- Water quality proper
ties: dissolved oxygen,
pH, nitrate, temperatur
e, turbidity, etc.

- Local stream quality

- Biological life intera
ctions between earth s
ub-system and time sc
ale related to the inter
actions

- Acid rain and water
pH

- Dissolved oxygen an
d water quality

- Water pollution and
its impact on aquatic o
rganism

- Chemical characteri
stics of water and wate

r property (e.g. pH)
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Similarities. The water system units were very similar to the teachers’ prior
water units except that they added a new lesson for teaching earth system. All of the
teachers, with the exception of Rebecca wanted to teach about the water system by
introducing the “Earth System” spheres first as a separate lesson. In the lesson, they
wanted to teach the definition of earth sub-systems and how we interpret earth natural
phenomena as system interactions. Instead of adding a new lesson about earth system,
Rebecca chose the topic of “Water quality” and used familiar content knowledge of

water pollution and aquatic animals to describe earth system interactions.

Differences. While most teachers introduced the concept of earth system, each
teacher chose different topics to emphasize the characteristics of earth system or earth
system interactions. In other words, the content knowledge used to teach the concept of

earth system interactions was organized under different topics.

The teachers chose a personally familiar topic or content knowledge to address
the concept of earth system interactions. Rebecca used her familiarity with water
pollution and aquatic animals to describe earth system interactions. She wanted to teach
the concept of interdependency of water quality and water life. She thought acid rain
was a good example that her students could easily understand through their everyday
life. She pointed out that students could understand acid rain’s impact on their
neighborhood buildings. In her lesson, she wanted to use content knowledge that was
familiar to both her and her students. Rebecca did not change the content knowledge
much compared to her water unit. Considering her lack of ESK, it may be because of

her lack of earth system understanding.
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Amy also chose familiar content knowledge to address earth system ideas. She
chose “Water and Geologic Structure” and related content knowledge to teach earth
system interactions. In the lesson, Amy wanted to use stream table activities she
developed for the water unit. While she did not have elaborate ideas of how to address
the interactions between water and others spheres, she wanted to use the most familiar

content knowledge and activities to teach earth system interactions.

The teachers added topics or content knowledge to make their water system
lesson reflect an earth system approach. Anna and Amy thought their water lesson was
less complete to present earth system. They thought that the water system unit should
include content knowledge of all four spheres and the environment. As a result, Anna
added more content knowledge to her “Weather” topic because she thought it was
missing in terms of covering content knowledge about all the spheres in earth system.
Amy added more content knowledge to “Human Usage of Water” because she thought
that adding the environmental aspect of water to her water unit would make her water
system unit more complete by addressing humans and the ecosystem with earth’s four
spheres. Anna and Amy also thought that the addition of the first lesson “Earth system”
would make their water system lesson more complete to demonstrate earth system

ideas.

Olivia and Basia did not add much new content knowledge to their water system
unit because they thought it had already been developed using a system approach.
While they added a lesson about “Earth system” to introduce the concept of earth as a
system, there was no major change in terms of content knowledge. Both the teachers’

understandings of the general system and ESK were important factors to determine the
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content knowledge for their water system unit. Basia had an understanding of general
earth system but she did not have enough detailed earth science content knowledge to
present the general system idea in the context of earth system. She did not add content
knowledge because she thought her water unit already incorporated a system approach.
Olivia also thought that her water unit was already designed to represent important
system ideas. Her water system unit covered more concrete and detailed knowledge and

was better organized than Basia’s.

Basia and Olivia also considered critical thinking skills for their water system
unit. Basia wanted to emphasize improving students’ critical thinking and problem
solving skills in her water system unit. She was more focused on finding and teaching
general patterns of the water cycle by using the water distillation experiment she used
for her water unit. Basia considered understanding evaporation and condensation was
important to understand the water cycle pattern because she thought it was the most
important characteristic of the water cycle. Because she understood her students’ lack of
English language skills, lack of schooling experience and interests in the topic of
“Human usage of water,” she decided to teach the basic but important concepts about

water.

Olivia considered students’ critical thinking skills with multiple variables when
she chose topics or content knowledge to address earth system interactions. For
example, she added information on biological life interactions between earth sub-
systems and time scale related to the interactions. She thought that understanding water
and ecosystem interactions are very important to understanding earth system. Based on

her experience of studying both earth science and ecology, she believed that
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understanding the complex nature of the interactions between water and the ecosystem
would lead her students to see the complex and interconnected nature of water in earth
system. Olivia tried to use simple earth system interaction examples from the local

environment that the students could easily understand.

In summary, the teachers who thought that their water unit already covered
important aspects of water in earth system (Basia and Olivia) did not add new topics but
instead added more specific examples and an introduction of earth system. The teachers
who emphasized geologic structures in their water unit added new topics about
“Weather” (Anna), and topics of “Human usage of water” (Amy) that are related to the
environmental issues of water. Teachers’ topic choices and content knowledge are
related to their background knowledge, knowledge of earth system, understanding of
their students, and more importantly, their own ideas of the important earth system

knowledge.

The Relationships between the Teachers’ Conceptual Understanding of Water in Earth
System and the Topics and Content Knowledge of Their Water and Water System Unit
To find the relationships between the teacher’s conceptual understandings of

water in earth system and the topics and content knowledge of their water and water
system units, I first make a matrix that presents each teacher’s earth system knowledge
and the topics and content knowledge they used for their units. Considering the results
of the cross case analysis of the teachers conceptual understandings of water in earth
system, | decided to use the Earth System Knowledge (ESK) column in Table 5.1 for

this matrix. | also used the comparison table of the topics and content knowledge in the
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water system unit (Table 5.3) to construct the matrix. Therefore, Table 5.4 presents both
the summary of the teachers ESK and the topics and content knowledge of their water
system units. “ESK” in the table imply that the teachers show their detailed knowledge

about an ESS concept to address enough understandings of earth as a system.
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Table 5.4

The Teachers’ Earth System Knowledge (ESK) and the Topics and Content Knowledge for Water System Units

Earth System Knowledge (ESK)
- Detailed knowledge about...

Topics

Content Knowledge in Water and Water System Unit

General system ideas such as Fee
dbacks

Earth System

- Introduction of earth system

- Earth system pattern (e.g. matter cycles, overlapped cycle or
interactions)

General water cycle pattern, and
water movement in large water b
ody (e.g. ocean).

Water Cycle

- Water cycle processes (precipitation, evaporation, condensati
on, etc.)

- Water purifying process (filtration and distillation)

Basia Water and Geologi
¢ Structure
Weather (Natural
disasters)
Human usage of water Human - Amount and distribution of available fresh water
Usage of Water - Relationships between human society and water resource (po
litical and scientific aspect)
Water Quality
Earth System, system behaviors, Earth System - Earth system
system levels, and boundaries - Earth sub- systems (four spheres)
Olivia - Identifying Earth system interaction

Detailed water cycle process thro
ugh different earth physical struct
ure (e.g. ground water or watersh
ed)

Water Cycle

- Water cycle processes (precipitation, run off, ground water, e
vaporation, etc.)

- Ground water flow and underground structure
- Evaporation and Distillation process

187




- Water cycle through Transpiration
- Energy balance through water cycle

Weathering and erosion process i
n different physical structures

Water and Geologi
c Structure

- Water and landscape change (river, stream development)

- Lake formation, Wetlands, Karst topography including water
and chemical reactions

- Water and geologic interactions as complex earth system int
eractions

Weather and precipitation

Weather (Natural

- Natural flood cycle

disasters) - Flood and its impact on land
- Evaluation of local flood potential
Ecosystem, fresh water source Human - Amount and distribution of water in earth system
Usage of Water - Fresh water distribution and availability

- Audit of water usage (individual usage of water)

Water’s chemical characteristics

Water Quality

- Water quality properties: dissolved oxygen, pH, nitrate, temp
erature, turbidity, etc.

- Local stream quality

- Biological life interactions between earth sub-system and tim
e scale related to the interactions

Rebecca

Earth System

Water cycle process

Water Cycle

- Water cycle processes (precipitation, evaporation, and conde
nsation, etc.)

- Evaporation and Distillation

Erosion and surface run off

Water and Geologi
c Structure

- Run-off and Erosion
- Surface condition affecting run-off rate (focusing on top soil)
- Weathering (mechanical and chemical weathering)

Weather (Natural
disasters)
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Human
Usage of Water

Water pollution by temperature a
nd chemicals from human activit

y

Water Quality

- Acid rain and water pH
- Dissolved oxygen and water quality
- Water pollution and its impact on aquatic organism

Earth System

- Hydrosphere in earth system
- Earth sub-systems
- Ocean: ocean current and ocean animals

Water cycle process

Water Cycle

- Water cycle processes (precipitation, evaporation, run-off, et

c.)

Earth physical structure, and phys
ical relationship between sun and
moon (e.g. tidal motion)

Water and Geologi
c Structure

- Weathering and erosion by glacier, river, ground water, etc.)
- Run-off and mass movement
- Stream development

Anna | Water and earth surface interactio
ns and water in rock cycle, includ
ing volcanic activity.
Weather, precipitation types and | Weather (Natural | - Severe weather (storm, tornado, hurricane, etc.)
climate disasters)
Human - Human usage of water and impacts on human activity in drin
Usage of Water king water
Human impact on water pollution Water Quality - Chemical characteristics of water and water property (e.g. p
H)
A Earth System - Introduction of earth system and sub-systems
my

Water cycle process

Water Cycle

- Water cycle (focusing on the process of precipitation and run

- off)
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Earth physical structure and physi
cal relationship between sun and
moon

Water and earth surface interactio
n (river system, delta formation, ¢
oastal line development), water in
rock cycle including volcanic acti
vity and plate tectonics.

Water and Geo-
logic Structure

- Erosion and deposition of sediments

- Water and landscape change (focusing on stream developme
nt)

- Glacier and its impact on earth surface

- Interactions between water and earth (lithosphere) : River s
ystem development

Weather (Natural

- Precipitation types, Humidity, Cloud formation, and Weather

disasters) factors
Water and human civilization Human - Interconnections between biosphere and hydrosphere: Huma
Usage of Water n usage of water and its impact on earth sub-systems (e.g. gro

und water)

Water Quality
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Table 5.4 shows some patterns between the teacher’s conceptual understanding of
water in earth system and the content knowledge they chose for their water and water
system units. The table demonstrates that the detailed scientific knowledge the teachers
presented is strongly related to the topics and content knowledge that they chose for their
lesson units. First, the topics where the teachers had more detailed knowledge were used
as the topics where they taught more detailed content knowledge about water. Amy is a
good example of this. She demonstrated detailed knowledge about the “Water and
Geologic Structure” topic and taught more about this topic than the other topics. The
topics that the teachers had more familiarity with or more detailed knowledge than other

topics were also used as the topics where the teachers explained earth system interactions.

Interestingly, in the case of Olivia and Rebecca, the teachers who showed less
ESK, their ESK was also well matched with their lesson topics and content knowledge.
Basia and Rebecca’s background is less related to earth science or environmental science.
Basia’s background is chemical engineering and she had intensive research experience in
a research laboratory. Rebecca’s background is in biology and general science. Basia and
Rebecca’s ESK is well-matched with the topics and content knowledge in their water
units. In other words, they did demonstrate ESK knowledge in the topics they taught.
Basia and Rebecca also said that they improved their knowledge about earth science by
participating in a professional development program focusing on earth and environmental
science. They had developed their ESK through professional development program or
personal reading. The topics they needed to teach in their school curriculum was the

most important content knowledge they needed to know through these experiences.

191



These teachers developed their understanding of water in earth system through their

teaching experience.

Amy and Anna had ESK about earth’s physical system but they did not show their
in-depth understanding of earth as a system because they did not connect earth science
concepts with the biological sphere or eco-system. They added more topics or content
knowledge related to the environmental issues in their water system unit because they
thought their water unit did not reflect an earth system approach. They thought teaching
earth system meant addressing knowledge of all four spheres. The environmental topics
and content knowledge was the missing piece of knowledge about the biosphere,

including humans.

Olivia, who demonstrated an understanding of systems characteristics, covered all
of the topics addressed in Table 5.4 both in her water and water system unit. For Olivia,
what to teach and how to teach was a reflection of her ESK. She could choose what she
wanted to teach based on her knowledge of earth as a system and she tried to teach broad
as well as detailed aspects of earth system using various topics that were conceptually

connected to her ESK.
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Research Question 2

How do the teachers’ conceptual understandings of water in earth system affect their
selection and organization of topics and content knowledge for teaching water in earth
system?

Table 5.4 presents a brief result of the analysis to find the relationship between
the teacher’s conceptual understanding of water in earth system and the topics and
content knowledge they chose for their lesson unit. It is apparent that there is a strong
relationship between the teachers’ conceptual understanding of earth system and their

lesson topics and the related content knowledge they chose.

As | previously described, the teachers tended to choose lesson topics and related
content knowledge that they previously knew in detail or that they were familiar with
through their education. In other words, the teachers who were familiar with the
knowledge about certain topics chose concrete content knowledge for the topics. Olivia,
who was familiar with environmental science and ecology, chose varied and concrete
content knowledge for the “Human Usage of Water” and “Water Quality” topics. Anna
and Amy, who were more familiar with geology, chose more varied and concrete content

knowledge for the topic of “Water and Geologic Structure.”

On the other hand, if the teachers chose a less familiar topic because they were
required to teach it (either by the school curriculum or school expectations), the content
knowledge was less detailed and did not conceptually connect with the other content
knowledge in the lessons. They also gave less emphasis to teaching these unfamiliar

topics. For example, Amy chose “Weather” because she thought the topic would be a
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good addition to her water lesson to represent water in the atmosphere. The content
knowledge she chose was precipitation, humidity, cloud formation, and other weather
factors. Amy focused on teaching the basic definition and declarative content knowledge
about precipitation type, humidity, and clouds because she wanted to emphasized that
water is important components of the atmosphere. She did not emphasize interactions or
processes of how water moves through precipitation as connected to the water cycle she
described in the “Water and geologic structure” topic. Her water unit was a group of
separated earth science topics that did not address strong conceptual connections between
the topics. Both Anna and Amy gave much less emphasis to the topics of “Weather,”
“Human Usage of Water,” and “Water Quality.” The content knowledge related to these
topics was not conceptually connected to the major content knowledge they wanted to
teach, “Water and geologic structure,” and did not represent the bigger picture of the

water system.

| also found an interesting pattern between the teachers who deeply understood
earth system concepts using broad scientific knowledge and those who were more
focused on one aspect of the earth system, such as geology. The teachers who focused on
one aspect of the earth system added topics or content knowledge to their water system
lesson because they knew their water lesson was biased by their dominant content
knowledge. They wanted to make their water system unit more complete than their water
unit by adding more about the topics they did not address. Amy added “Human Usage of
Water” to her water system unit because her water unit did not have any topics related to

the environmental issues of water. She thought that the earth science discipline included
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the knowledge of life but that it is limited to ancient life such as dinosaurs and fossils that
are not currently living. By adding topics related to life and ecological aspects of water to
her water system unit, she thought that she made her water system unit more complete to

present earth system.

The teachers’ lack of ESK knowledge limited the topic or content knowledge for
teaching important system characteristics. Basia chose her content knowledge based on
her own understanding of earth system. She spent most of her class time teaching the
basic idea of system (water cycle) through different experiments. Her strong background
in engineering and research may have affected her choice of teaching problem solving or
critical thinking skills rather than specific content knowledge about water. However, the
most dominant factor was her understanding of her students’ lack of academic skills and
interest in science. Basia considered her students’ academic abilities and interests in
relation to what she wanted to teach about systems (basic system ideas) in an
approachable way and also in a way that could improve her students’ critical thinking
skills. Moreover, she believed that helping her students improve critical thinking and
problem solving skills was more important than teaching specific content knowledge.
However, it was apparent that Basia’s understanding of the general system but lack of
ESK understanding led her to focus on one aspect of earth system (matter cycle) that she
believed was an important system characteristic. In other words, she did not have a strong
conceptual understanding of earth system that she could apply to her water or water
system unit design. Basia had developed her content knowledge of water through

teaching experience. What if Basia knew enough ESK? She would probably try to teach
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important concepts about complex system mechanisms in a way that her students could

easily understand and that would also improve their critical thinking.

In addition to the depth of ESK, the teacher’s personal experience was also an
important factor for choosing detailed content knowledge. Rebecca chose the content
knowledge of run-off as the main content knowledge for “Water and Geologic Structure,”
whereas Amy chose “River and Stream Development” as her main content knowledge for
the same topic. It is apparent that Rebecca’s lack of knowledge limited and biased the
choice of content knowledge because she did not demonstrate a strong understanding of
earth physical structure or other geological interactions related to water. However,
Rebecca had intensive experience on water run-off through her experience canoeing the
Mississippi River and living on a farm. Her choice of using run-off to teach about the
interactions between water and earth surface was both affected by her lack of ESK and

her personal experience.

The teachers’ lack of ESK diminished the variety of topics and content knowledge
about the concept of water in earth system in their lessons. The teachers’ concrete and
detailed knowledge about limited topics was also problematic. It biased their lessons by
focusing on the limited topic using unnecessary details. It also biased their lesson by
presenting the familiar topics before presenting other necessary topics. If the teachers
had deeper and broader knowledge about earth system, they addressed more topics and
used specific examples to teach the concept of water or water in earth system. Teachers

needed to understand not only earth science knowledge about earth physical systems but
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also knowledge of the ecosystem and how it interacts with earth physical systems to teach

the concept of water using earth system perspectives.
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CHAPTER VI: CONCLUSION, IMPLICATIONS, AND FURTHER RESEARCH

Overview
In this chapter, | conclude the findings based on my research question. First, |
summarize the findings from the previous cross-case analysis results while I discuss other
related research. Then I discuss the implications of this study for earth science teachers,
earth science teacher educators for both pre-service and in-service teachers, and policy
makers for earth and environmental teacher education. Finally, | conclude by suggesting

further research for both earth system education and earth science teacher education.

Conclusion
This study was designed to answer two research questions: 1) What are the
teachers’ conceptual understandings of water in the earth system?, and 2) How do the
teachers’ conceptual understandings of water in earth system affect their selection and
organization of topics and content knowledge for teaching water in earth system? In the

following, | summarize my findings based on these two questions.

Teachers’ Conceptual Understanding of Water in Earth System

This study has determined two important findings about teachers’ conceptual
understandings of water in earth system: 1) The teacher who had broad and
interdisciplinary scientific knowledge about water better understood water as an earth

system 2) Teachers’ water knowledge that heavily relied on a single science discipline
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(geology, meteorology, etc.) or knowledge of a general system is not enough to develop

an understanding of water as earth system. | will discuss these two findings in detail.

First, the teacher who has broad and interdisciplinary scientific knowledge of
water (Olivia) can better understand water as an earth system than other teachers. Olivia,
who had an understanding of both earth physical systems as well as ecological systems,
demonstrated a deeper understanding of earth as a system. She understood water’s
functional role in earth system and how it behaves as earth system components.
Furthermore, she showed detailed knowledge in describing the complex interactions of
how water affects earth’s physical structure, ecosystems, and biospheres and how the

consequent changes of these earth sub-systems feedbacks affect water system.

Unfortunately, most of the teachers, with the exception of Olivia, did not
understand water as part of a system (water as system component and water’s functional
role in earth system). The teachers rarely mentioned water movement through feedback
loops, different system levels and boundaries, and energy transformation through water
systems. Understanding the concept of earth system is not easy because it requires broad
and interdisciplinary scientific knowledge. While most of the teachers define earth
system as a group of different overlapping spheres, they could not give specific or
concrete examples that could demonstrate these overlaps, how earth systems work or how
water operates in earth system. Only one teacher (Olivia) could provide concrete
examples of water and ecosystem interactions by addressing interactions between earth’s

physical system and ecosystems.
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Deeper knowledge of water in a single discipline or knowledge of a general
system was not enough to understand the systemic features of water in earth system. The
cases of Anna and Amy are good examples to support that knowledge in a single
discipline is problematic in developing an understanding of water as an earth system.
Anna and Amy’s detailed content knowledge about earth physical structure (e.g. soil
structure or geological structure of lake) was not enough to understand how water cycle
processes (moving through soil) affect an ecosystem such as ecosystem in a lake. The
teachers (Anna and Amy) who had detailed content knowledge of earth’s physical system
better understood physical interactions between water and earth’s surface (geologic
structures). They also explained the physical interactions between water and geologic
structures on a bigger spatial scale and a longer geologic time scale. However, the
teachers’ understanding of physical earth systems was not enough to understand earth as
a system because they did not include how biological systems interact with earth physical

system and how it affects other sub-systems, including ecosystems.

Knowledge of general systems was not enough to understand water as an earth
system. The case of Basia supports this finding. Basia had a broad understanding of
general systems and intuitively understood that the earth sub-systems are interconnected
and interacting through systems. An understanding of the general system helped Basia to
understand that natural phenomena are part of complex earth system interactions.
However, an understanding of the general system was not enough to understand detailed
earth system phenomena because understanding the earth as a system requires detailed

knowledge of the different characteristics of earth sub-systems. Basia thought that she

200



understood earth as a system but she had not enough content knowledge to conceptualize

it as a concrete ontology (System).

Rebecca, who had the least understanding of physical earth system and general
system, understood water in earth system as directional and sequential moving process
that moves through different physical properties in earth surface (rivers, lakes,
groundwater, ocean, cloud, and atmosphere). This teacher lack understanding of spatial
scale and time scales of water cycle process. This teacher also thought that water’s

physical status change is directly related to the place (physical property) of earth surface.

The findings of this study echo the findings from other research that indicate that
teachers lack an awareness of earth as an integrated system (e.g. Boyes, 1995; Dove,
1996; Summers et al., 2000). In addition, four of the teacher’s conceptual understanding
of water in earth system was directly related to the concept of the water cycle.
Unfortunately, they thought that the dominant part of the water cycle is a sequential water
moving process from one physical reservoir (e.g. lake) to another (e.g. cloud). This
finding is also similar to findings from other research in which students were found to
over-simplify the water cycle as a returning course from one physical reservoir (clouds)
to another (ocean) (e.g. Agelidou, Balafoutas, & Gialamas, 2001; Ben-zvi-Assarf &
Orion, 2005). The current body of research about teachers’ and students’ conceptions of
the water cycle, carbon cycle, ozone or global warming, support the idea that
understanding of earth as a system is not easy to acquire by having isolated content
knowledge in a single scientific discipline (e.g. Ben-zvi-Assarf & Orion, 2005; Flogaitis
and Agelidou, 2003; Summers et al. 2000).
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From the case of Olivia, | also found that there was certain content knowledge
that was useful to understand complex water related phenomena in earth system. Next, |
present four examples of the content knowledge that is useful to explain water in earth

system

. Detailed knowledge of water’s chemical and physical properties is
important to understand water’s motion and its functional role in micro scale
systems such as soil, cloud, and interactions between large water body surfaces
(ocean surface) and atmosphere.

o Knowledge about the conditions that affect ocean currents (temperature,
density, thermal) is important to understand the physical scale of the ocean and
time scale of the ocean current.

o Knowledge of earth’s energy budget depending on latitude is important to
understand water’s functional role (heat mover) in earth system.

o Knowledge about the specific process of the water cycle in a biological
system, such as plants or animals, is important to understand the complexity of
water cycle in which other cycles (food chain or carbon cycle) are interconnected

in the earth system.

In summary, the findings of this study show that detailed knowledge in a single,
specific science discipline is not enough to understand earth as a system. The teachers
who had a deeper geological background described earth system as the interactions
between water and geological structures using extensive examples of weathering and

erosion. Furthermore, the teachers who had a background in ecology and environmental
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science paid more attention to the chemical or biological interactions between water and
ecosystems. Knowledge in a single scientific discipline is not enough to help the teachers
to understand the earth as a system. To understand earth as a system, teachers need
knowledge of earth’s physical system and how it interacts with biological systems (ESK).
This interdisciplinary scientific knowledge would help the teacher connect the knowledge
of earth’s physical system and biosphere interactions and to understand the concept of

water in earth system.

The Relationships between Teachers’ Conceptual Understandings of Water in Earth
System and Selections and Organizations of the Topics and Content Knowledge for
Teaching Water in Earth System

Teachers could not ignore school curriculum or state standards to choose topics
for teaching in their classrooms. However, the specific topics and content knowledge
from the requirements laid out by state standards that the teachers actually chose and how
they organized the topics and content knowledge for their water and water system unit
were affected by the teachers’ scientific knowledge about water and water within the

earth system.

First, the teachers’ conceptual understanding of the concept of water in earth
system is deeply related to what the teachers planned to teach about water in earth
system. Olivia had detailed ESK and was more knowledgeable about ecosystems used
more varied content knowledge. Olivia taught that water interacts with all of the earth
sub-systems (biosphere, lithosphere, atmosphere) using various examples and she gave

the same amount of emphasis to all of the topics. She covered more interdisciplinary
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knowledge to address water’s functional role in earth system and the examples and
content knowledge she chose was not limited to a specific discipline, such as geology.
Other researchers also showed that teachers who possess more complex subject matter
structure of a discipline can translate a more coherent view of the discipline to students
and select the most appropriate topics to represent the complex structures of the content

knowledge (e.g. Gess-Newsome & Lederman, 1993; Lederman et al., 1994).

On the other hand, lack of knowledge of water in earth system diminished the
variety of topics and content knowledge. The teachers (Basia and Rebecca) who had less
earth science content knowledge than other teachers relied more on their personal
interpretation of what the discipline of earth science is as well as personal experience
with water in choosing topics and content knowledge. If the teachers had minimal
knowledge about a topic, they tended to choose content knowledge that they are familiar
with and that they could easily explain or could find more examples from their personal
experience. In the case of Basia and Rebecca, their lack of knowledge in earth physical
system limited the topics and content knowledge for their lessons. They chose fewer
topics and biased content knowledge for their lessons by using the content knowledge
they were familiar with. Interestingly, the topics and content knowledge that Basia and
Rebecca chose for their water unit were not much different than those for their water
system unit. Because they did not know the differences between water and water in earth
system, they simply added a lesson (Basia) or example (Rebecca) to introduce earth
system. They thought it was enough to address water in earth system and did not know

how to teach water in earth system differently compared to content knowledge of water in
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typical earth science. What they conceptually understood about water in earth system
(addressed in the above section) was congruent with what they planned to teach about the
topic of water in the earth system. This demonstrates that teachers only build their

content knowledge based on what they need to know for teaching

More importantly, deeper knowledge in a single discipline (geology) also limited
the teachers’ choice of topics and content knowledge for teaching about water in the earth
system. Anna and Amy tended to choose topics focusing on water and geologic
interactions over other topics (such as glacier erosion or ground water) when teaching
water and water in earth system. They also tended to spend more time on fewer topics
(“Water and Geologic Structure”). On the other hand, they gave less emphasis to the
topics they were not familiar with such as the “Weather” topic in Anna’s lesson. For her
“Weather” lesson Anna focused on teaching basic definitions and declarative content
knowledge. The content knowledge in the topic was not conceptually connected with the
content knowledge in other topics. The teachers also did not emphasize the knowledge
related to the interactions between water and atmosphere in a relation with geologic

process.

Secondly, the teachers’ conceptual understanding of the concept of water in earth
system was deeply related to how the teacher organized the topics and content knowledge
they chose to teach about water in earth system. Olivia, who had a deeper understanding
of earth system, organized content knowledge to represent the important ideas of water in
earth system, namely “interconnections between the earth sub-systems,” and addressed
broad content knowledge. Olivia’s water unit was not much different than her water
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system unit because she already understood the earth system and used her knowledge of
it to develop her water unit. Hashweh (1987) showed that the teachers who were
knowledgeable in a certain discipline organized and related lesson topics to an important
conceptual scheme. To support this, the findings of this study do show that Olivia, who
was knowledgeable in both ecology and earth science, organized her related lesson topics

to the important conceptual scheme of earth system.

Unfortunately, other teachers did not organize their lesson topics and content
knowledge in a way that represented earth system ideas. Basia started her units with the
topic, “Human usage of water,” which she considered to be more relevant to her students.
However, she did not have much content knowledge to represent water in earth system.
She only covered knowledge of how to obtain fresh water and two water cycle processes
(evaporation and condensation) that are related to the source of fresh water. Rebecca
started with simple and basic water cycle knowledge because she thought that this
knowledge was important to know in order to understand how water moves through earth
system. However, she only covered the surface run-off process in the water cycle and
water pollution by acid rain. These two topics were not conceptually connected to

demonstrate the larger picture of water cycle in earth system.

Anna and Amy started their lesson with the topic, “Water and geologic
structures,” which was more familiar to them and their disciplinary background in
geology. They spent more than half of their class addressing the geologic aspects of the
water cycle and the physical interactions between water and geologic structures. When
they were asked to develop a new unit for teaching water in earth system, they added an
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introduction lesson about earth system at the beginning of their water system unit but the
lesson emphasis on geologic aspects did not change. They each added one more topic that
was related to the environmental issues of the water system but their reason for adding
the new topics was that they thought their water unit was biased by the dominant content
knowledge. They recognized that their topics were mainly focused on geology but they
did not have enough content knowledge to amend their units using an earth system
approach. Overall, Ann and Amy’s water and water system units did not represent
important system ideas such as interconnections between the earth’s sub-systems and

complex interactions between water and ecosystems.

The teachers who have more detailed knowledge of earth system organized the
topics and related content knowledge in a way that represents the important knowledge in
the discipline of earth system science. Unfortunately, four of the teachers did not have
understanding of earth system and how to teach earth systems using the topic of water.
Because of lack of both earth system knowledge and an earth system approach, the
teachers did not select and organize the topics and content knowledge that could

represent the concept of earth as a system.

Implications
Someday students will be asked to participate in important decisions about our
water system. If teachers do not have sufficient knowledge about the water system and
how it impacts human lives, they will perpetuate their naive understanding to their

students. The findings of this study provide practical information about what earth
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science teachers know about the water system and how they apply this knowledge to their
practice. This study has implications for earth science teacher preparation, as well as,

secondary school earth science standards and curriculum policies.

First, this study has implications for the earth science teachers’ content knowledge
preparation for teaching earth as a system. While an earth system approach is a part of
every state’s standards (Hoffman & Barstow, 2007), teachers are not prepared through
their content courses or teacher preparation programs to teach earth system knowledge
(Annetta & Dotger, 2006). As this study shows, a conceptual understanding of water in
earth system requires interdisciplinary knowledge about earth physical structure, water
chemistry, and weather and climate. The findings of this study imply that the teachers not
only need to acquire knowledge of physical earth system (e.g. geology) but they also
need to acquire broad knowledge of different scientific disciplines, especially knowledge
of environmental science and ecology. For better content knowledge preparation for pre-
service teachers, teacher educators and policy makers for teacher preparation programs
have to consider including more interdisciplinary science content knowledge courses to

help teachers better understand earth as a system.

Second, this study has implications for in-service science teachers who are
teaching earth systems. An earth system approach is a new way of organizing scientific
content knowledge. The current study shows that even teachers with a background in one
of the earth science disciplines struggled to organize earth science content knowledge
using earth system approach. Teachers need to apply their existing scientific knowledge
to the new context of earth system. The findings of the current study imply that teacher
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educators must provide opportunities for teachers to examine, elaborate, and integrate
new knowledge about earth system into their existing scientific knowledge and teaching
(Magnusson et al, 2001; Peterson & Treagust, 1995; Shulman, 1997; Sperandeo-Mineo,
Fazio, & Tarantino, 2005). Therefore teacher professional development program
educators must provide opportunities for teachers to learn about instructional strategies
and ideas to teach about specific earth system topics in meaningful and supportive
contexts (Barnett & Hodson, 2001; Cochran et al. 1993; Lederman et al, 1994; Mellado,

1998; Rovegno, 1992; van Driel et al, 1998, 2002).

Finally, the findings of this study demonstrate that earth science is still taught as a
grouping of isolated scientific disciplines (hydrology, geology, etc.). One of the teachers
was required by her school to teach earth science as four separate and isolated science
disciplines each quarter. Most of the teachers (except Basia who taught environmental
science) mentioned time restrictions for teaching about water. They still thought that
teaching earth science meant covering topics that represent four major earth science
disciplines (geology, hydrology, meteorology, and astronomy) with a major focus on
geology. The findings of this study imply that we need a new school curriculum system
that support teachers teaching earth science using an earth system approach. It is
necessary to redesign earth science curriculum and allow more flexible time in covering

certain topics in earth system.
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Further Research
Based on the findings of the current study, | suggest potential further research that
could give us a more complete understanding of teachers’ conceptual understanding of

earth as a system and their teaching practice of teaching the concept of earth system.

First, the research about teacher content knowledge in earth science has not
studied teachers’ conceptions of earth as a system or the type of content knowledge
necessary to understand earth as a system. To find a better way to teach earth system to
pre-service and in-service teachers, we need to understand more about what fundamental
knowledge to understand earth as a system is and how teachers conceptually structure
the knowledge to understand the earth system. This study gives some examples of the
conceptual structure of the earth systems knowledge in the topic of water system. Further
research using other important topics about earth system’s characteristics, such as matter
cycles (e.g. carbon cycle) or global warming would also inform us more about teachers’
conceptual understanding of earth as a system in addition to the finding of this study

about the topic of water.

Secondly, observing teachers teaching, along with interviews and lesson plan
analyses, is necessary as a further study to understand what teachers actually teach about
earth system and how they present earth system ideas. Every act of teaching is unique in
terms of its students’ and school context. Teaching is also a dynamic activity in which
many unexpected events could occur. In other words, teachers’ lesson plans could change
from practice to their actual implementation. Observing teachers teaching earth systems
would give us more information not only about what they teach but also how they
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organize topics and content knowledge into their teaching practice as dynamic

interactions with students.

Finally, to assess teachers’ and students’ understanding of the earth system more
precisely, we also need further research considering the relationship between the
knowledge of an ESS concept and related scientific thinking skills to acquire the
knowledge. The application of ESKF in this study gives us an insight about the
relationship between teachers’ earth system knowledge (ESK) and three ontological
categories. However, teachers’ conceptual understanding of earth system is also
potentially related to their scientific reasoning skills (Claesgens et al, 2009). When
constructing an explanation for an earth system event, people consider information that
may constitute evidence relevant to a causal explanation or personal hypothesis about the
event. The expert who have more knowledge in a specific domain incorporate a given set
of information into a broader causal framework while novices utilize it under one causal
account (Jacobson, 2001). In other words, explanations about earth system event need
cognitive skill to deal with complex causal relationships or even higher level of reasoning
skill, called multivariate reasoning or systems thinking. Therefore, a further research
considering the relationship between the understandings of an ESS concept and related
scientific thinking skills is necessary to understand what scientific thinking skills would

be necessary to acquire understandings of a complex ESS concept.
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APPENDICES

Appendix A: Interview Protocols for First (1-a) and Third interview (2-a)

Explanation about the purpose of the study and the first interview

©)

o

| expect to see a wide variety of knowledge and approach to the teaching.

So, whatever you say will help me.

11 first ask you about educational background or experience to have

general information about your background and experience

I’ll ask you a few general questions about the image and ask several
follow up questions for clarifications of elaborations so | can be sure |

have a good understanding of your thinking.

I’ll be recording our conversation so that [ have a good record of what we

talk about. Do you have any question for me? (consent form)

Asking about educational background and teaching experience

Could you tell me about your educational background, such as your major,
coursework related to earth science, research experience, degree, teaching
experience? (make sure that | have good information about course work,

research experience, teaching experience related to water system)

Asking about the understandings of water (or water in the Earth system) (showing

the image)

o Could you tell me about what you see here about water?

o Tell me more about what you’ve said (ground water, glacier, water cycle,

precipitation, water shortage, water pollution, humidity)
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o Could you tell me what would be different after several days? (different

season)
o (optional) Explain how did the change you’ve described occur?
o Are there any other places where there is water?
o Could you tell me about the moving of water in earth systems?

o What else do you think about water in these images?

e Explanation about the first task as a prompt for next interview

What I’1l do at next interview is to see how teachers will teach water in earth system. As
a prompt, | need your descriptions about teaching outline. The teaching outline is not a

lesson plan. It is just outline to help you to talk about your lesson plans.

220



Appendix B: Interview Protocols for Second (1-b) and Forth interview (2-b)

e Explanation about the purpose the second interview

©)

The purpose of this interview is to get helps (assistances) from teachers

about how they think about teaching water.

I’ll ask you a few general questions your lesson outlines and ask several
follow up questions for clarifications of elaborations so | can be sure |

have a good understanding of your thinking.

I’ll be recording our conversation so that [ have a good record of what we

talk about. (Do you have any question for me?)

e Asking about lesson outlines

o

Could you tell me about your lesson outlines you’ve developed for this
interview? (make sure that I have good information about school context,
equipment, teaching material, teacher’s thinking about student prior

knowledge)
Could you tell me about your students? ( student’s prior knowledge)

Could you tell me more about the school environment you can use for
teaching water? Other resources? ( other teachers, materials, workshop
book, MN standard)

Could you tell me more about the assessment or learning outcome?

What is the most the important thing you want to teach about water to

your students?
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Appendix C: Lesson Outline Direction
Please write and outline of the plans you would use for teaching about water (or
water in earth system). The outlines you create will be used in the next interview.
Assume that you have about 10 hours of class time. Your outline can probably

done about 1-2 pages for each lesson outline.

Please include the followings for each lesson outline:

o Context Description:

o A brief description of the school, class and students that you are thinking
about as you plan the lessons. Also, indicate how much time you would

allocate for the teaching of the topic.
o Purpose: (1 sentence)
o Learning outcomes: (List)

o Sequence of Key Activities: (Include the approximate amount of time you

would spend on each activity.)

o Description of the Assessment (Include the key questions or tasks you

would use)
o Resources: List or describe what resources you used to develop your plan.

o Please prepare copies of materials you will use if you already have.
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