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Abstract

We report findings from clinical interviews of 34 middle and high school students.  We asked students to explain and connect 12 phenomena associated with carbon cycling, including growth of plants, children eating and exercising, and operating cars and air conditioners. Younger students view these phenomena as separate events while more advanced learners use scientific principles, including conservation of matter and energy, to connect the processes at multiple scales.  During an iterative development process we developed conceptual frameworks, used those frameworks to analyze data, and defined trends and levels of student achievement. We describe those trends and levels as well as the conceptual interplay among the development activities and other data sources including written assessments.   

Purpose

The purpose of this paper is to examine students’ understanding of carbon cycling in coupled human and natural systems. Carbon cycling plays a key role in environmental systems; imbalances in carbon cycling processes are a primary cause of global warming. In this research, we seek to develop a learning progression which describe a possible trajectory of students’ development from informal reasoning toward using matter and energy as conceptual tools to analyzing environmental issues (Anderson et al., 2006).
Two research questions guided this study:

1. How can we describe trends and levels in students’ reasoning about phenomena associated with carbon cycling in environmental systems?

2. When and how do students use principles of conservation of matter and energy in their explanations of these phenomena?

We conducted clinical interviews with 34 students from elementary, middle, and high schools.

Theoretical Framework

Recent NRC reports (Committee on Science Learning, 2007; Wilson & Bertenthal, 2005) have called for the development of learning progressions that suggest empirically-based sequences of successively more complex ways of reasoning about a set of ideas.  Several studies have shown that students may not fully understand biogeochemical processes of environmental and natural resource issues. For example, middle and high school students in Sweden did not comprehend the differences between processes that affect the ozone layer and causes of global warming (Andersson & Wallin, 2000).  Similarly, Kempton, Boster, and Hartley (1995) found that adults had difficulty choosing policies that would mitigate global climate change because they misunderstood the mechanisms of change.   These studies indicate that although students have learned fundamental principles of matter and energy in science classes, they seldom successfully apply them to environmental issues. Thus, in this research, we focus on students’ abilities to apply three fundamental scientific principles as they explain carbon-transforming processes in socio-ecological systems:

1. Tracing matter.  During physical and chemical changes elements and atoms are neither created nor destroyed.  We investigate students’ abilities to apply this principle to processes in three broad categories: (a) photosynthesis, which is the only process that creates organic carbon compounds on a large scale, (b) processes that move or transform organic carbon, including digestion, biosynthesis, food chains, and fossil fuel formation and recovery, and (c) two process that oxidize organic carbon, cellular respiration and combustion.

2. Tracing energy.  Energy can be converted from on form to another, ultimately degrading into thermal energy.  Tracing energy through the three categories of processes includes (a) transformation of solar energy into chemical potential energy during photosynthesis, (b) transformation of chemical energy from one form to another during digestion, biosynthesis, and fossil fuel formation and recovery, and (c) transformation of chemical potential energy into work and heat during cellular respiration and oxidation.

3. Change over time. This principle uses both conservation of matter and energy as tools for explaining large-scale, unidirectional change in environmental systems.  In particular, the concentration of carbon dioxide in our atmosphere depends on the global balance between processes that create and processes that oxidize organic carbon.

Previous research suggests that students encounter many difficulties in applying these principles to carbon-transforming processes (Anderson, Sheldon, & Dubay, 1990; Fisher & Kathleen, 1984; Songer & Mintzes, 1994; Zoller, 1990).  For example, students must consider atomic-molecular processes, large-scale systems, invisible mechanisms, and the roles of gases in physical and chemical change (Anderson, 2007; Smith, Wiser, Anderson, & Krajcik, 2006). Another challenge is students’ precision in describing phenomena (Smith et al., 2006).  More sophisticated students tend to use tools and instruments to describe and measure scientific phenomena rather than simply rely on their senses or intuition. In this research, our intention was to develop a learning progression to address the trends and levels of student achievement – it describes students’ informal reasoning on the one hand, and indicates possible transition towards sophisticated scientific model-based reasoning on the other

Methods

Participants.  Participants in this study included 18 high, 14 middle, and 2 elementary school students in the Midwest and West Coast. Six of 18 high students came from an advanced science curriculum center in the Midwest region.  Demographic data on the entire population (e.g., age, ethnicity, science curriculum test scores) were also collected to help disaggregate data and triangulate analyses.

Interview protocol.  The interview questions probed student ideas about the processes in environmental systems and investigated students performances as they classified, explained, and connected those processes.  A set of cards with color pictures and a description in words were given to students.  All describe processes at the macroscopic level, but with possible atomic-molecular and large-scale connections.  The cards included key systems that we were interested in: air, producers, consumers, decomposers, foods, fuels.  In addition to a couple of cards showing physical changes in matter, the cards included three key classes of phenomena that we were interested in:

· Processes that generate organic carbon (photosynthesis): corn plants growing, an oak tree growing

· Processes that transform or move organic carbon: a cow eating corn, a child eating a hamburger, an oil well pumping petroleum

· Processes that oxidize organic carbon: a child running, a candle burning, a car climbing a hill, a try decaying, an air conditioner cooling a room

Procedures.  Researchers individually interviewed the 34 students for around 30 minutes during the school’s scheduled time. Students’ answers were videotaped or audiotaped.  Our analyses focused on identifying levels of achievement with respect to tracing matter and tracing energy through processes.  Ranked student responses from the least to the most sophisticated, then developed an interview codebook that identified five general levels for three principles (tracing matter, tracing energy). 

Results

We identified five levels of achievement for students’ performance on questions that ask for carbon-transforming accounts of phenomena in our domain.  Those levels are described briefly in the following paragraphs.

Level 1. Research on children’s thinking (e.g., Inagaki & Hatano, 2002; Inhelder & Piaget; 1964; Enfield, 2004) indicated that younger children often focus their reasoning on the role of human agency in making things happen. They might use personal needs, intentions, and perceptions to account for macroscopic events. It meant that younger students often use their personal experience and human analogies to explain events. Our data indicate that most elementary students are above Level 1.  

Level 2 students attributed causes of events to objective factors instead of personal intentions. However, students still concentrated on their reasoning at macroscopic level and did not conserve matter in events. For example, several students expressed that water disappears in the event of towel drying. In the event of child eating hamburger, students tended to think that eating foods fulfill the child’s needs but did not recognize that the matter of hamburger goes into the child’s body structure. 

Level 3 students began to pay more attention to hidden mechanisms underlying macroscopic events. They recognized that the foods eaten would go to the organisms’ body structure and at body organs, though they did not trace matter through body systems or environmental systems.  Usually, students tend to think that one kind of material can change into another kind of material without interacting with any other materials or substances. For example, one student explained the event of tree decaying: “The dead tree decays and becomes dirt.” The student recognized that there must be hidden process going on, so that the tree can change into dirt. However, the key characteristic of chemical change – reaction, is missing in his explanation.

Level 4 students began to recognize the biochemical and chemical processes underlying the macroscopic events. They could recite conservation laws: matter and energy can not be created or destroyed, and they had some success applying those laws to explain events involving organic matter transformation, such as digestion and food chains.  However, they failed to apply the laws correctly to events involving organic matter generation and oxidation. As to the oxidation processes, decomposition is more difficult than combustion or cellular respiration. Many students could recognize that the events involve chemical changes, such as oak trees and corn plants grow in sunlight, car climbs the hill, and child runs involve, but they still saw tree decaying as a physical process. Similarly, students tended to use matter-energy conversion to explain combustion and cellular respiration of animals. To cite an instance, they said, “the gasoline of the car is converted into energy to move the car climb the hill” and “When the child is running, the fat in his body is converted into the energy for running”. In brief, students at level four began to hold the idea of chemical reaction, but could not trace matter and energy separately across events.  
Level 5. Some students from classes in a science magnet school gave explanations of the events at Level 5. These students could use matter and energy transformation to constrain all processes separately including organic carbon generation, transformation, and oxidation. They also recognized that plants generate organic matter from carbon dioxide and water as well as light energy into the chemical bonds of the organic molecules in photosynthesis. They identified the similarity of the processes of cellular respiration, decomposition, and combustion. For example, they explained organic matter reacts with oxygen as well as produces carbon dioxide and water in the events of car climbing the hill, child running, and tree decaying. Moreover, they explained that chemical potential energy transforms into kinetic energy for car moving as well as heat dissipating into the environment. 

Trends across levels.  Our elaboration of the levels above indicates three trends of students’ understanding of matter and energy in environmental systems.

· Both atomic/molecular processes and large-scale connections among organisms and systems become more and more “visible” to students. 

· Students’ ability to use scientific tools – hierarchical structure of systems, tracing matter, and tracing energy – becomes more sophisticated. 

· As students grow in awareness of hidden systems and master instruments for describing and finding patterns in phenomena, they undergo a shift in their fundamental approach to explain and make predictions about the phenomena: from telling stories of life experience, using school science narratives, to building model-based reasoning. They finally use fundamental principles of matter and energy including matter conservation, energy transformation, and energy degradation to constrain processes. It is important and critical in the student science conception and knowledge to assess their understanding.

Educational Importance of the Study

The high school students in this study described the process in more sophisticated ways (generally Levels 3 and 4) than the middle school students (generally Levels 2 and 3).  Level 4 students gave relatively coherent accounts of processes in single systems and named several materials involved in those processes. The data also showed that student performance were at similar levels across different progress variables. For example, students performing at Level 2 on the tracing matter variable performed similarly on the tracing energy variable.  Physical changes and changes involving transformation of organic carbon were easier for students to explain than photosynthesis; processes involving oxidation of organic carbon gave students the most difficulties.  However, only Level 5 students (limited in our sample to students from a science magnet school) developed more sophisticated accounts of carbon cycling needed to understand processes of change over time in large-scale systems, including global climate change.  

Appropriate support and curriculum from school and science educators could help students develop scientific reasoning about carbon cycling. Future research will address how to help students make the transition to Level 5 reasoning.  In addition, we will refine our interview questions and written assessments to improve the coherence and quality of our descriptions of students’ reasoning at different levels. 
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