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Abstract

We report our findings from written assessments of 600 American and Chinese middle & high school students in terms of their understanding of carbon cycling in socio-ecological systems1. Our results indicate that American and Chinese students share similar general trends associated with a learning progression from force-dynamic to scientific model-based reasoning. Only small percentages of students in both groups reached the highest achievement level—principled, model-based reasoning.

The order of item difficulties was different for American and Chinese students, suggesting that our framework describing four Levels of Achievement is less empirically valid for Chinese data than for

American data. Thus Chinese students may have a different learning trajectory from American students.

The comparison of students’ learning performances between American and Chinese students indicates that they perform differently in some related science content areas. American students perform better for photosynthesis items, digestion & biosynthesis items, and large-scale items, while Chinese students perform better for cellular respiration items and combustion items. Our results also show that Chinese students included chemical equations, named forms of energy, and mentioned the energy conservation principle more commonly than American students, though they often failed to use the principle as a tool to reason about carbon transforming processes. These differences may result from differences in various aspects of science education between these two countries.

Environmental and social background of this study 

Environmental and social issues shaped this study. The global climate is changing, and one of the primary causes is the rapid increase in the atmospheric carbon dioxide level, which is higher now than it has been in 420,000 years. The predicted consequences of this increase include widespread melting of snow and ice, rising global average sea level, frequency and severity of storms, and other effects on natural ecosystems, and human agriculture (Crowley, 2000; Falkowski et al., 2000; Keeling & Whorf,

2005). Human activities have influenced the ecological carbon cycle and resulted in a net flow of carbon from forest and fossil fuels to atmospheric CO2. Currently, combustion of fossil fuels adds about 7 billion tons of carbon to the atmosphere every year (Hotinski, 2007). So the topic of “carbon cycling” has unique scientific and practical importance. Understanding carbon cycling processes is essential for citizens’ participation in environmental decision-making. The United States and China currently account for 40 percent of the world’s emissions. It is especially urgent for their citizens to be more environmentally literate so as to participate knowledgably and responsibly in the decision-making process about environmental issues.

However, research shows that both American and Chinese citizens are by and large uninformed or misinformed about environmental science (KACEE News, 2005; Chen, 2006). The Ninth Annual National Report Card shows that though 95 percent of adult Americans endorsed environmental education in the schools, environmental "illiteracy" remains widespread among American adults. Less than half of the American public realized that driving cars and using electrical appliances in their homes contribute to global climate change with the increased carbon emissions. Among the general population, only 45% correctly identified emissions from autos, homes, and industries as the main cause of global climate change (NEETF & Roper, 2001). The Chinese public is also generally unaware about environmental problems. The Chinese national environmental awareness survey conducted in 2007 shows that among the 3000 participants from over 20 provinces, only 31.6% of the participants understood the concepts of global warming. Over half of the people didn’t think that using energy saving appliances would help slow down the global climate change (CEAP, 2008). 

Both global climate change and the widespread environmental “illiteracy” among American and

Chinese citizens make it imperative to improve science education in both countries. We think the investigation of American and Chinese students’ understanding of carbon cycle and how their understanding progresses over time is a necessary first step to find out ways to improve science education. This study aims to investigate American and Chinese students’ understanding of the carbon cycle. In addition, this study provides data from Chinese students to enrich current international comparison studies. International comparison studies can help us better understand the American education system (Bradburn & Gilford, 1990).

Research Question

We investigated secondary American and Chinese students’ accounts of carbon cycling in socioecological systems, with a focus on their understanding of matter and energy transformations and the role of carbon in socio-ecological systems. In particular, we investigated whether the framework for a multi-year carbon cycle learning progression that we developed in our previous work based on

American students’ data is empirically valid for a different group of learners—Chinese students.

This study is guided by the following research questions:

1) How do American and Chinese students compare in terms of the accounts they give for carbon transforming processes and for fundamental matter/energy conservation principles?

2) How do difficulties of a set of items developed by our research project compare for American and Chinese students? What are the implications for the validity of learning progression levels for the two groups?

3) How do general achievement levels compare for American students and Chinese students?

Literature Review 

Learning Progressions of science

This study is based on and extends the work of investigating and validating a multi year carbon cycle learning progression. Learning progressions are “descriptions of increasingly sophisticated ways of thinking about or understanding a topic that can follow one another as children learn about and investigate a topic over a broad span of time” (Duschl, Schweingruber, & Shouse, 2007). Learning progressions are anchored on one end by what we know about the reasoning of students on specific concepts entering school (i.e., lower anchors). On the other end, learning progressions are anchored by societal expectations (e.g., science standards) about what we want high school students to understand about science when they graduate (i.e., upper anchors). 

Our work is guided by the learning progression hypothesis, which suggests that although the development of scientific knowledge is culturally embedded and not developmentally inevitable, there are patterns in the development of students’ knowledge and practice that are both conceptually coherent and empirically verifiable (Anderson, 2008). We are optimistic that in some content domains at least, it may possible to develop large-scale frameworks that meet research-based standards for theoretical and empirical validation. Through an iterative process of design-based research, moving back and forth between the development of frameworks and empirical studies of students’ reasoning and learning in relation to those frameworks, we can develop research-based resources that can describe those patterns in ways that are applicable to the tasks of improving standards, curricula, and assessments (Mohan, Chen & Anderson, in press).

Work has been published on the conceptual and methodological foundations for learning progressions (Briggs, Alonzo, Schwab & Wilson, 2004; Smith, Wiser, Anderson & Krajcik, 2007). However, as a new research trend, empirical based understanding and validation of learning progressions in most domains are underdeveloped. This study aims to report the empirical validation of a multi-year carbon cycle learning progression that we developed in our early work to add empirically based views to current learning progression research. An interesting question in learning progressions research is whether students in other countries under different science education systems and cultures still share similar patterns in their development of scientific knowledge and practice. This comparison study between American and Chinese K-12 students explores answers to this question.
International Comparison Studies
This study has another focus of comparing American and Chinese students’ science achievements.

International studies received tremendous publicity in the 1990’s (Wang, 1998) and there are international comparison studies between American and Chinese students’ achievements since the

1980s. At the beginning of the 1980s, Stevenson and Stigler did a series of small-scale studies. They selected a Chinese sample from Beijing and an American sample from Chicago to compare science learning of students’ in metropolitan schools in both nations. However, other researchers point out that the sample selected in both countries may differ in terms of their family backgrounds (Bracey, 1996).

In the mid-1980s, China and twenty-one other nations participated in the second science study (SISS) organized by the International Association for the Evaluation of Educational Achievement (IEA). Su,

Su, and Goldstein (1994) noted “ the IEA reports present only the test scores and general features in their curriculum designs. In many cases, the descriptions were simply listed country by country, with little or no discussion.” (p. 256). 

In the early 1990s, China, U.S. and other 18 counties participated in the International Assessment of

Educational Progress (IAEP) coordinated by the Educational Testing Service (Lapointe, Askew, & Mead, 1992). The study assessed 13-year-old and 9-year-old students’ science achievements among all those countries with a large sample size, typically 3,000 students from each country at each age level.

Besides science questions, students also responded to questions about their backgrounds and school experiences to examine what factors contribute to effective schooling and high achievement. The results show “factors that impact academic performance interact in complex ways and operate differently in various cultures and education systems. There is no single formula for success”(Lapointe, et al, p.15).

The main international comparison studies in which Chinese students participated such as SISS and

IAEP studies have been challenged for their misrepresentation of Chinese science education (Wang,

1998). In the SISS Extended Study—SES, a key project supported by the China State Commission of Education in the late 1980’s, Chinese students’ data are collected from a random sample of more than 12,000 ninth-graders. American students’ data are collected at the same grade level using the same international instrument. The achievement comparison revealed a small difference between Chinese and American average scores.
Though there are comparison studies on American and Chinese students’ achievement in science, we still lack recent and adequate data to compare these two groups of learners’ understanding of science.

Many international assessments assess factual knowledge rather than understanding and scientific reasoning. The reports of the results from international comparison studies are often simplified.

This comparison study has a small size compared to the international comparison studies mentioned above. The selected samples for American and Chinese students are not representative of all American and Chinese students. But the two selected groups of learners in each country are comparable to some extent, which I’ll explain in detail later. By using specifically targeted items and a learning progression framework for interpretation, we hope to compare student understanding for a specific and important topic in a deeper way. 

Theoretical framework

Understanding carbon-transforming processes in socio-ecological systems is challenging for most students. It requires students to connect events happened at different scales (e.g. connecting cellular processes with changes in organisms) and understand the role of each of the components in the systems as well as the relations between them (e.g., connecting the roles of one population with that of another population). Traditional science curriculum obscures rather than reveals the connections between these seemingly disparate events. Students do not learn to see the key processes that tie systems together.

Many studies show that students do not fully understand biogeochemical systems. Kempton, Boster, and Hartley (1995) found that many students confuse global warming with ozone depletion. Research found that it takes time to establish an appreciation of the mechanism of global warming over the course of secondary education (Boyes & Stanisstreet, 1993). While children were aware of a range of environmental problems and understood some environmentally friendly and unfriendly actions, they could not link particular causes with particular consequences. Some other studies (e.g., Anderson,

Sheldon, & Dubay, 1990; Songer & Mintzes, 1994; Fisher, et al., 1984) documented a wide range of students’ difficulties to understand carbon-transforming processes such as photosynthesis and cellular respiration.

To help explain the carbon cycle in complex coupled human and natural system, it is important for students to see the key processes that tie systems together and apply fundamental scientific principles to explain those processes. Thus, we have identified the carbon-transforming processes and fundamental principles that can be used as conceptual tools for students when reasoning about biogeochemical processes in complex systems:
1. Carbon-transforming processes 
We see carbon-transforming processes as key to understanding environmental systems. All living things are made of carbon compounds. Plants are the producers that generate organic carbon and harness light energy into chemical potential energy. All living organisms transform carbon compounds in order to grow and oxidize carbon compounds to obtain energy. In human systems, the combustion of organic carbon supplies energy to run vehicles, electrical appliances, etc. Thus, our key biogeochemical processes include (a) organic carbon generation (photosynthesis), (b) organic carbon transformation (biosynthesis, digestion, food webs, carbon sequestration), and (c) organic carbon oxidization (cellular respiration, combustion). Because these processes are the means by which living and human systems acquire energy and the means by which environmental systems regulate levels of atmospheric CO2, we have used these processes to describe the environmental systems. 

2. Fundamental scientific principles

We have identified two fundamental scientific principles that govern biogeochemical processes and can be used as intellectual resources to reason about biogeochemical processes in complex systems. These two principles are our progress variables, which are: 

a) Tracing matter through processes- this principle uses the matter conservation law as a conceptual tool for explaining chemical changes, both in amount (quantitative conservation of mass) and by identifying the materials or substances involved in chemical changes. This principle can be used to guide explanations about what happens to the materials in environmental systems.  

b) Tracing energy through processes- this principle uses the conservation of energy as a tool for explaining what drives chemical changes to occur. This principle can be used to guide explanations about how and why materials move into and out of systems. 

Though students have learned these fundamental principles of matter and energy in their science class, they seldom apply them to environmental issues. Numerous studies have found that students intuitively focus on visible aspects of systems and do not use atomic-molecular accounts to explain macroscopic or large-scale events (Ben-Zvi, Eylon, & Silberstein, 1987; Hesse & Anderson, 1992, Hmelo-Silver, Marathe, & Liu, 2007; Lin & Hu, 2003). In our own research at the college level, we found pre-service science teachers do not trace matter and energy separately to explain chemical changes. Instead, they think fat is “burned up” or “used for energy” when people lose weight (Wilson et al., 2006). In this study, we focus on students’ understanding of matter & energy transformations in the carbon cycle.

The table below shows the domain of our study, which is organized by the 3 carbon transforming processes and 2 fundamental principles that can be used to reason those processes.
Table 1: Domain for processes and principles 

	Domain for processes and principles

	SYSTEMS


	Living Systems


	Human Engineered Systems



	Processes in socio-ecological systems
	Generation

Photosynthesis (plant growth, primary production)
	Transformation

Biosynthesis, digestion, food chains, accumulation & sequestration of organic carbon
	Oxidation

Cellular respiration (weight loss, decomposition)
	Oxidation

Combustion of biomass and fossil fuels (global warming, human transportation and energy systems)



	
	
	

	Fundamental Principles---Tracing Matter


	Molecular structure of energy-rich biomolecules (organic matter) and CO2, metabolic processes in single & multi-cellular organisms, cells & organelles, food chains/webs and trophic levels, matter pools & source of carbon fluxes, quantity of carbon fluxes, composition of air and atmospheric CO2 levels, carbon sequestration 


	Composition of energy resources & sources (fossil fuels) and composition of air, reactants and products of combustion, energy users & deliverers; engineered fossil fuel systems; transportation systems, quantity of carbon emissions, atmospheric CO2, air quality 

	Fundamental Principles---
Tracing Energy


	Harnessing light energy through photosynthesis, passing on energy in food chains and acquiring energy during digestion (chemical potential energy), energy dissipation (heat); energy-rich materials (foods); quantities of energy consumption
	Acquiring energy during combustion (chemical potential energy) and energy dissipation (heat); energy-rich materials (fuels); quantities of energy consumption


3. Identified achievement levels

In our previous research, we identified 4 achievement levels in American students’ learning progression of carbon cycling based on our previous American written assessments and clinical interviews (Mohan, Chen & Anderson, in press; Jin & Anderson, 2008). The main characteristics of these achievement levels are described below:

•  Level 1 Separate Macroscopic Narratives--- The least (scientifically) sophisticated students view macroscopic events as results of different “natural tendencies.” For example, organisms have the natural tendency to grow. Food and air are enablers for the natural tendency of growth. Students rely on vitalistic causation or human analogy to explain events (e.g. a tree need sunlight to live and grow). Their understandings are confined to the macroscopic scale without recognizing the underlying material changes or energy transformations of events.

•  Level 2 Causal Sequences of Events with Hidden Mechanisms--- Students realize macroscopic changes result from “internal” or “barely visible” parts and mechanisms. These “hidden” parts and mechanisms include things such as organs, decomposers, and gases (CO2, O2). They pay attention to matter and energy transformation but they are unable to use matter or energy conservation principles as constraints to trace matter and energy separately; instead, many of them confuse matter with energy (e.g. fat burns into energy when people lose weight).

· Level 3“School Science” Narratives about Processes--- Students extend their understanding into the cellular or atomic-molecular scale. They recognize the chemical identities of some materials in chemical changes and understand food and fuels are energy rich materials. However, their explanations of carbon transforming processes are limited by their insufficient knowledge at the atomic-molecular scale.
· Level 4 Qualitative Model-Based Accounts of Processes in Systems--- Students at our highest achievement level can use atomic-molecular models to describe carbon movement through multiple processes connecting multiple scales. They use constrained principles (conservation of atoms and mass, energy conservation and degradation), codified representations (e.g. chemical equations, flow diagrams) to explain those processes.

In this paper, we investigate whether these four Levels of Achievement that we developed previously are empirically valid for Chinese students’ written assessment data and for our recent collected American written assessment data.
Methods

Participants
Six hundred American and Chinese students participated this study in total, with 150 at the middle school level and 150 at the high school level from each country. The Michigan participants include 7th and 8th grade students from 2 middle schools and 9th to 11th graders from 3 high schools. All participating students are from Michigan public school districts. Most of them are from rural and suburban communities, and according to diversity indicators, they were in school districts serving largely Caucasian populations (85-98% of students were Caucasian) and working or middle class families (18-45% of students qualified for free or reduced lunch program). The average ACT science scores for the schools are very close to the state average (the differences between school averages and state averages are within 5%). So students from these schools are quite representative of the average students in Michigan.  

The Shanghai participants include 6th and 8th grade students from 2 middle schools and 10th and 12th grade students from 2 high schools. All sampled students are from public urban schools, which are usually privileged compared to rural or suburban schools in China. Most students are from working or middle class families. Middle/high schools in Shanghai are classified as key or non-key schools. A small proportion of schools in each district are key schools, which have better educational quality in general. For instance, there are 133 middle and high schools in the 3 districts that we collected data from; only 15 schools among them are key schools. All of the 4 schools from which we collected data are non-key schools. In addition, those schools ranked around the middle of all schools in each district according to their admission scores, which is an important indicator of the level of the school with regard to other schools in the district. So the students from these schools are clustered close to the average for students in Shanghai.
We selected our sample based on convenience of location. However, we think the sampled students in both locations are comparable to a large extent because students in both groups came from average public schools. Those schools are relatively better schools in each country (rural and suburban schools in America vs. urban schools in China). Most students in both samples share similar working or middle-class family backgrounds. The students from Michigan schools and the students from Shanghai schools are quite representative of the average students in each location.  

Assessment items
The assessment items were developed in English originally and then translated by the first author into Chinese. We tried out the translated items with a few Chinese students first to see whether the translated items are clear to Chinese students. In the written assessment, students are required to explain matter & energy transformations during carbon-transforming processes. Most items are constructed response items that focus on measuring students’ scientific reasoning. In this report, we included responses from 31 items in total. Several items we used in the assessment that were either conceptually invalid or did not work well to get students’ responses were excluded from our analysis. 

Table 2 shows how many items are intended to measure a certain principle or process. In terms of the strands, 16 items were designed to measure matter and 15 items were designed to measure energy. In terms of process, there are 5 items about photosynthesis, 4 for transformation (digestion & biosynthesis), 9 items for cellular respiration, 5 for combustion and 8 for large-scale cross-processes. All the items were designed to measure no more than one process at a time. Also, items for each process and items for each principle appear evenly in each form of the middle and high school tests. The majority of middle and high school items overlap with each other. One student typically answer 10~12 items. For each item, we collected about 100~200 written responses from students in each country.

Table 2. Number of assessment items for each process and for each principle

	
	Matter 
	Energy
	Total

	Photosynthesis
	2 
	3
	5

	Transformation
	2 
	2
	4

	Cellular respiration
	5
	4
	9

	Combustion
	3
	2
	5

	Large-scale
	4
	4
	8

	Total
	16
	15
	31


Data analysis

For the Chinese students’ data, we used our previously developed Levels of Achievement and Exemplar Workbook (a file that included one or two responses as representative examples for the responses at each level) to code a small sample of responses first. We found that our previous Levels of Achievement and Exemplar Workbook could successfully classify Chinese students’ responses among levels. The initial patterns in this small sample of Chinese students’ responses were similar to the patterns that we saw in our previous American data. The representative examples that we included in the Exemplar Workbookwere also representative of Chinese students’ responses. Then we used the Levels of Achievement and Exemplar Workbook to code the rest of responses, keeping track of whether our achievement levels could distinguish all Chinese responses among levels. The American data were coded using the same Levels of Achievement and Exemplar Workbook.

We incorporate Item Response Theory (IRT) models to contrast the distributions of students’ responses among levels between these two groups. We use the partial credit model (Masters 1982;

Masters & Wright 1997) to analyze American and Chinese students’ data separately. The partial credit model is appropriate for open-ended items in which the scores on the item represent levels of performance, with each higher score meaning that the examinee accomplishes more of the desired task.

The boundaries between adjacent scores are labeled thresholds and an examinee’s performance is on either side of a threshold with a particular probability. The mathematical expression for the partial credit model is given by 
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where
Xni is the observed score of person n on item i, 


mi is the maximum score on item i,


n is the proficiency of person n,

and
ij is the step parameter for the jth score category for item i.

We compared the item difficulties and steps difficulties of each item (the difficulty for achieving certain levels for the item) for those two groups. We analyzed patterns in students’ responses for related science content. ConQuest 2.0 was used to estimate the item response models. Software R and Excel were used to produce basic statistical tables. 

Results

We represent our results in three sections. First, we contrast the accounts that American and Chinese students gave for carbon transforming processes and for matter/energy principles. We provided specific examples of students’ responses that demonstrate the differences between American and Chinese students’ performances. Second, we present Wright-maps and scatterplots for item difficulties and step difficulties to test whether our identified achievement levels are empirically valid for these two groups of learners. Third, we contrast the general distribution of American and Chinese middle and high school students’ responses among levels. 

1. Qualitative Analyses: American and Chinese Students’ accounts for tracing matter and tracing energy in different processes 

We found that Chinese and American students gave responses in the same broad range that we could classify using our four achievement levels. There are broad similarities between the types of responses that American and Chinese students gave for each carbon transforming process at each level. In Table 3 and Table 4 below, we provided typical American and Chinese students’ responses for one item of each process at each level. 

At the lowest level, both Chinese and American students describe the world in terms of objects and events rather than chemically connected processes. Their understandings are confined to the macroscopic scale without recognizing the underlying chemical changes or energy transformations of events. Students view macroscopic events as caused by actors (including people, animals, plants, machines, and flames) that have different purposes and “natural tendencies”. For example, organisms have the natural tendency to grow. Food and air are enablers for the natural tendency of growth. Students rely on vitalistic causation or human analogy to explain processes such as plants and animals’ growth, living or death. Typical level 1 American and Chinese students’ responses are provided in the second columns of Table 3 and Table 4. 

At level 2, both Chinese and American students continue to attribute events to the purposes and natural tendencies of actors, but they also recognize that macroscopic changes result from “internal” or “barely visible” parts and mechanisms. These “hidden” parts and mechanisms include things such as organs, decomposers, and gases (CO2, O2). Students recognize hidden mechanisms when they attempt to trace matter that seemingly “appeared” or “disappeared”, though Level 2 accounts continue to focus mostly on observable materials going in and out of systems and treat matter/energy as an enabler, rather than an agent, in processes. Level 2 students recognize that processes such as growth, breathing, decay, and digestion transforms matter/energy, but they are unable to use matter or energy conservation principles as constraints to trace matter and energy separately; instead, many of them confuse matter with energy (e.g. fat burns into energy when people lose weight). Typical level 2 American and Chinese students’ responses are listed in the third columns of Table 3 and Table 4. 

At level 3, both Chinese and American students can reason about macroscopic or large scale phenomena using a limited understanding of atomic-molecular processes. They recognize chemical identities of some materials and understand food and fuels are energy rich materials. They recognize matter/energy transformations as essential to carbon-transforming processes and tend to use fundamental principles, matter/energy conservation, to explain events. However, their knowledge is insufficient at the atomic-molecular scale, which hinders them to trace matter/energy successfully in carbon-transforming processes. They may include wrong reactants and products or focus on minor products. When they do not know details of a process or the chemical nature of materials involved, they resorted to matter-energy conversions rather than solid-gas conversions. So they often fail to trace matter and energy separately or to trace energy with degradation. Typical level 3 American and Chinese students’ responses are listed in the third columns of Table 3 and Table 4. 

At level 4, Chinese and American students can use atomic-molecular models to trace matter/energy systematically through multiple processes connecting multiple scales. They use constrained principles (conservation of atoms and mass, energy conservation and degradation), codified representations (e.g. chemical equations, flow diagrams) to explain chemical changes. Students are able to use atomic molecular understanding of cellular processes to explain macroscopic (e.g. tree growth, weight loss) and large-scale phenomena (e.g. global warming). Their accounts of these processes are mostly complete and accurate, although for sub-processes, students may continue to make errors, such as matter-energy conversions (although rare) and forget key reactants or products. In general, matter is conserved, especially gases, and materials are accounted for by chemical identity. Energy is also conserved. Typical level 4 American and Chinese students’ responses are listed in the third columns of Table 3 and Table 4. 

We found these two groups have similar misconceptions about carbon transforming processes from our qualitative analysis. First, there are many students in both groups who are unable to trace matter and energy separately and who confuse matter with energy (e.g. fat burns into energy when people lose weight). Second, the confusion between global warming and ozone depletion is common in both groups. Many Chinese students and many American students as well think that global warming is caused by the depletion of the ozone layer (which allows more ultraviolet light reach the earth but does not contribute appreciably to global warming). Third, Chinese students and American students have the similar misconception that energy is released when chemical bonds are broken rather than when they formed.   
There are also differences between students’ responses in these two groups for tracing matter and tracing energy principles. For tracing matter items, Chinese students include chemical equations in their responses more often compared to the American group. About 9% of the Chinese high school students use chemical equations in their explanations of photosynthesis and cellular respiration, while only 2% of the American high students included chemical equations when answering the same questions. In addition, Chinese students include the terms “organic” and “inorganic” much more often in their responses compared to the American group. 

For tracing energy items, Chinese students have concepts about energy earlier than American students. Many middle school Chinese students are able to identify different forms of energy (e.g. chemical energy, thermal energy, kinetic energy), which is seldom mentioned by American middle school students. Meanwhile, many Chinese students included the sentence “energy cannot be created or destroyed” in their responses, which is an important sentence they learned from their textbook. However, they do not successfully use this principle as a tool to reason about carbon transforming processes, especially in photosynthesis and biosynthesis. Chinese high school students use the “energy conservation” principle commonly when reasoning about combustion. For example, 40% of Chinese high school students mentioned the energy conservation principle when explaining what happens to the energy in gasoline when gasoline is burned up. Less than 10% of American high school students mentioned the energy conservation principle when explaining where the energy in gasoline goes.  

Table 3 Typical American and Chinese students’ responses for tracing matter items at each level

	Tracing Matter 
	Level 1 

Separate Macroscopic Narratives
	Level 2

Causal Sequences of Events with Hidden Mechanisms
	Level 3

“School Science” Narratives
	Level 4

Model-based accounts

	THINGTREE_M

A small tree grew into a big tree, where did the extra mass come from? 

Choose from 

a. Soil 

b. Air 

c. Sunlight 

d. Water

e. e. Minerals in soil

f. f. Other 

g. and explain
	CH: Chose sunlight only. Without sunlight, the tree won’t grow. It will die. 

AM: Chose all. They all combined together and it big and strong. 
	CH: Chose air, sunlight, and water. The tree absorbed water and conducted photosynthesis. 

AM: The tree uses the minerals from the soil to produce photosynthesis
	CH: Chose water only. First, there is lots of water in the tree’s root, stem, and leaves. Second, the tree also needs air to provide CO2, sunlight (energy for photosynthesis), and soil (provide elements to produce cellulose).  

AM: Sunlight allows for photosynthesis to occur, which allows cellular respiration to occur, which creates ATP for cellular processes.  Photosynthesis also creates glucose, which can be stored as starch, which is mass.
	CH: Chose air, sunlight and water. There is CO2 and O2 in air. During photosynthesis, chloroplasts absorb and use light energy. CO2 and H2O combined into organic materials and release O2. Light energy is converted into chemical energy. The sugar produced by photosynthesis is converted to starch, involve in the synthesis of amino acid, protein, lipid. So the weight of tree increases.  

AM: The plants increase in weight comes from CO2 in the air. The carbon in that molecule is used to create glucose, and several polysaccharides which are used for support.

	INFANT 
A baby grew into a girl, where did the gained weight come from?

Choose from

a. Sunlight

b. Water

c. Air

d. Nutrients

e. Foods

f. Exercises

and explain. 


	CH: Chose water, air, food and exercise. The baby usually stays at home so she does not need sunlight. But water, air and food are things that she needs to eat. She also needs to do exercise to make her body strong.

AM: Chose water, food and exercise. Water & food naturally make someone weight more. And, every time I exercise, I gain a pound.
	CH: Chose water, air, food. Because 70% of human body is made by water, so water is necessary. Air is necessary for people to breath, food provide energy for people and supply nutrients.  

AM: Chose water and food. The matter she is made of did not come from sunlight or air or exercise because they help keep her thin and alive but not giving her matter like food and water. Food and water go inside her, giving her nutrients to grow matter.
	CH: Chose water and food. Food and water can be broken down to substances such as carbohydrate, which facilitate the growth of cells. Thus, the body weight increases. 

AM: Chose sunlight, water, air, and food. Plants get their energy from sunlight and the girl has to eat vegetables to be healthy. Water is an essential for all living organisms. Air has oxygen and oxygen is needed to make ATP which is needed to make muscle and such, which is needed to grow. The amino acids that are proteins are in the food. Your body doesn't make some of these, but still needs them to grow. These proteins eventually make DNA which is what really "tells" your body to grow.
	No response found at this level for both CH and Am groups.



	WEIGLOSS  When a person loses weight, where does the matter of the person’s fat go?
	CH: People will sweat when they are doing exercise. Fat disappears with sweating. 

AM: Chose B. Fat is used up as energy for body. I think because when you exercise the fat disappears.
	CH: Chose C--Fat is burned into energy for human activities. Fat is burned into energy. When there is extra energy in human’s body, energy is saved as fat. When fat burns, it provides energy for human to use. 

AM: Chose B. I think my answer is better because the fat has to go somewhere so it probably burns up into energy like a fire.
	CH: Chose C--Fat burns into energy for human activities. Because fat is a good energy store substance. When people lose weight, the ATP in fat will break down to provide the energy that people need. The chemical bonds of ATP will break up and form water.

AM: Chose A—Fat leaves body as CO2 and H2O. Because when you are exercising you are burning fat away. But instead of getting energy you lose energy. When it's going away it just comes out of your body as water and gas.
	CH: Fat provides the energy that body needs. Under the catalyses of enzyme, fat gradually hydrolyze into glycerin and fatty acid. Then it oxidizes and produces CO2, H2O and energy. 

AM: His fat was lost when the bonds of the glucose were broken down into H2O + CO2 by cellular respiration. 



	TREEDECY_M What happens to the mass of the tree when it decomposes?
	CH: It went to the ground and existed in a solid state. 

AM: It rains and then soon it all breaks down and turns into mush. It rained and rained and rained then the tree changed.
	CH: Decomposers decompose the tree. When the fall down, it cannot get the nutrients from soil. Decomposes begin to decompose it. 

AM: Decomposers are breaking it down and it is put back into soil as nutrients. 
	CH: The matter in tree exists in air and soil. The substances in tree react with oxygen. The tree decays, decomposers decompose the substances in tree. 

AM: The mass has been decomposed. Carbon released from the decomposition has gone back into the atmosphere. And the decomposers themselves have also consumed some of the mass. Decomposers broke down the wood when it died so that it could be recycled back into the soil. 
	CH: Decomposers decomposed it. The substances in the tree exist in air as H2O and CO2. 

AM: The mass has been decomposed. Carbon released from the decomposition has gone back into the atmosphere. And the decomposers themselves have also consumed some of the mass. Decomposers broke down the wood when it died so that it could be recycled back into the soil.

	GASCAR (M) 

What happens to gasoline of the car when the car is running?
	CH: The gasoline burns until it burns off. The car does not need air when it’s running.

AM: It burns out over time.
	CH: Gasoline burns and chemical reaction happens to release energy. It needs air because the oxygen in air can support combustion. 

AM: The gasoline combust turning the gasoline into a gas. The energy already exploded so I think it goes up with the evaporation of the gasoline. 
	CH: A small part of the substances in gasoline converted into CO2 and other harmful gases. Most of the substances in gasoline have been converted into energy. The burning of gasoline needs oxygen. 

AM: It is burned and the matter goes into the atmosphere as a gas.
	CH: Chemical reaction happens. The substances in gasoline become CO2, H2O during burning and releases energy to run the car.

AM: The gasoline which is a carbon based fossil fuel is burned by car and released as CO2. The running car needs air because to burn the gasoline …requires air which contains oxygen so that it can bond to the carbon being released creating CO2. 

	ENERRICH

What are the commonalities among substances in each of these three groups? A. Sugar, meat, bread

B. Water, limestone, sand

C. Coal, gasoline, wood
	CH: Group A are food, group B are for construction, group C are natural resources. 

AM: Group A: it is man-made. 

Group B: Formed by the earth. 

Group C: natural resources. 
	CH: Group A: edible, solids. Group B: materials used in construction. Group C: can provide energy. 
AM: Group A: sugar, meat, and bread go together because they are all edible

Group B: water limestone and sand might go together because water might break limestone into sand

Group C: coal, gas, and wood all go together because they are all flammable
	CH: Substances in Group A are all edible. All substances in group B have O element. All substances in group C have C element. 
AM: All of these objects are edible and give our bodies energy. They are all abiotic.

All of these are natural elements of the earth's resources. They are all abiotic.

These are all things that we use to run our lives. Coal for fire and energy, gasoline for cars and other machines, and wood for warmth and fire. They are all abiotic.
	CH: Group A has materials that human body need: glucose, protein and sugar. Limestone and sand in Group B both have CaCO3 and SiO2. Gasoline in Group C has carbon; cellulose in wood has carbon. 
AM: All forms (A) of carbohydrates and proteins, which later can be turned into a primary energy source for an organism after consuming it.

They (B) are all mixtures/ compounds of other substances. None of them are truly pure.

All forms (C) of potential energy, they are all flammable and can be used as a fuel source.


Note: CH represents a Chinese student’s response and AM represents an American student’s response.  

Table 4 Typical American and Chinese students’ responses for tracing energy items at each level

	Tracing Energy 
	Level 1 

Separate Macroscopic Narratives
	Level 2

Causal Sequences of Events with Hidden Mechanisms
	Level 3

“School Science” Narratives
	Level 4

Model based accounts

	THINGTREE_E Where did the tree get energy to grow?

Choose from

a. Air

b. Sunlight

c. Water

d. Minerals in soil

e. Nutrients in soil

f. Plants make their own energy
and explain
	CH: All these things [air, sunlight, water, mineral, nutrition in soil] are necessary. The tree will die if it lack of any of these. 

AM: All of them are needed for the plant not to die.
	 CH: Chose air, sunlight, water, minerals in soil and nutrients in soil. The tree gets energy from photosynthesis. Sunlight, water, and air are necessary for photosynthesis. The tree cannot produce energy itself. 

AM: All the answers are true because a plant uses sunlight to carry out the process of photosynthesis to carry out functions such as taking in nutrients and minerals in the soil to grow.
	 CH: Chose sunlight; plant produce their own energy. During the day, there is sunlight. Tree store light energy by photosynthesis. During night, this energy is used for cellular respiration. When there is no sunlight, the tree will use the stored light energy, to react with some substances to provide energy for its own living and growth.

AM: Chose sunlight, minerals, and nutrients. Air is matter, not energy, sunlight is a form of energy that the oak uses, water is matter, minerals and nutrients are burnt by the tree to create energy, and plants do not create energy, because energy cannot be created.
	 CH: Chose sunlight only. Photosynthesis is the most important chemical reaction on the earth. Plants need sunlight for photosynthesis, which produce organic materials. When the leaves grow, the inside of the leaves has material changes, water photolysis, ATP, NADPH form, and sugar produces. Inorganic materials are converted into organic materials. Light energy is converted into chemical energy and stored as organic materials. Photosynthesis provides plants energy.  

AM: Light. There is only one source of energy on the planet-the sun everything derives their energy from the sun.

	ENERPEOP

What are the energy sources for people to live and grow?

Choose from

a. Sunlight

b. Water
c. Air
d. Food
e. Exercise
and explain
	CH: Chose water, food, nutrients, exercise and sunlight. Because water, food and nutrients are required for human growth. We also cannot live without sunlight. Because it’s suitable for people like to go out during the day. People who do not do exercise for a long time will get disease. 

AM: We need water when we were exercising, so we can feel energized. You need food so you won't feel weak during the day. You need nutrients to help keep your body healthy and strong. When you exercise, it also helps your body stay strong. You need sunlight to feel refreshed.
	 CH: Chose water, food, and nutrients. Human’s energy mainly comes from the organic materials and water from outside environment. Exercise and sunlight help the absorption of organic materials.  

AM: Chose water, food, nutrient and exercise. We drink water eat food- get nutrients from food, exercise to burn fat- sunlight does not give us energy.
	 CH: Chose water, food, nutrients, exercise and sunlight. Water provides minerals; food provides starch, protein, and fat. Nutrients provide microelements like Fe2+, Zn2+. Exercise and breathing can break down glucose and burn fat to provide energy. Sunlight expedites the absorption of Ca.

AM: Water, food, nutrients, exercise, and sunlight. 

All living organisms need water; food contains glucose needed to make ATP for energy. Nutrients are a food source. Exercise controls the size of lipids. 

 Sunlight is the energy source of all life. 
	 CH: No typical level 4 example identified. 

AM: Food. Only food with calories gives humans energy. It has complex molecules (carbohydrates, fats, and proteins), which our body can use to form energy. 

	GLUGRAPE

How the substances from the grape provide energy to move your little finger?
	 Item invalid at level 1.
	 CH: The glucose molecule entered human body and through digestion, it becomes energy. 

AM: The grape has glucose in it, which has stored energy. when consumed our bodies use this for basic functions like moving your little finger. 


	 CH: When we eat food, it will be stored as ATP, when our body needs energy, hydrolysis of ATP will give out energy, ATP+H2O(ADP+Pi+energy. Also ADP+Pi(ATP+H2O which is named of phosphorylation.

AM: When you eat the grape you are giving yourself glucose.  For cellular respiration you need glucose, ADP+P and oxygen and this makes ATP which your cells can use for cell work which you can use to move your finger. 
	 CH: Glucose molecule (glycolysis) ( Pyruvic acid +ATP (Tricarboxylic acid cycle)( H2O+CO2+ATP …..

AM: Glucose is used in cellular respiration to produce ATP, which is then used for the energy to move your little finger.  

 When energy is used, heat is always produced which will maintain your body temperature.

	TREEDECY_E How does the energy of the tree change during decay?
	CH: The energy will be less and less, which cause the tree to die. 

AM: energy was taken away from it when it fell.
	 CH: The energy of the tree changes. Energy went to decomposers and the ground.

AM: The process of decay involves energy because the bugs that decompose the wood need energy to decompose it.
	CH: The energy decreases and releases. Some of the energy converted. In cellular respiration, it becomes CO2 and ATP.  

AM: Chemical energy decrease.  Because decomposers take it away.
	 CH: Chemical energy is converted into heat. 

AM: No typical example identified at this level. 

	GASCAR_E 

What happens to the energy of gasoline after the gasoline is burned off to run the car?
	CH: Energy goes out through the pipe. Energy is used up. 

AM: I think the gasoline energy just disappears.
	 CH: The energy in gasoline becomes the power to drive the car. Energy has been changed. It exists as the kinetic energy of the running car. 

AM: The energy of the gasoline escapes through the exhaust. The energy is still out there, it is just in the air as a gas instead of liquid in a car's gas tank. 
	 CH: The energy in gasoline is used to run the car. Chemical energy is converted into kinetic energy of the car. Energy won’t disappear. It just converted into another form.

AM: The energy of the gasoline has "transformed" into a different energy, which makes the wheels of the car turn. This is then turned into kinetic energy in the tires, and finally thermal energy on the ground. 
	CH: The chemical energy in gasoline has been converted into thermal energy, kinetic energy. According to the law of energy conservation, the energy in gasoline should still exist somewhere. 

AM: All of the usable energy in the gasoline has been released into the atmosphere in the form of heat.

	LBULB

Why using fluorescent light bulb instead of incandescent light bulb can help to slow down global warming?
	CH: The heat of the light will not influence global temperature.

AM: I don't think this has anything to do with global warming.
	CH: Fluorescent light bulb consumes less energy, which will help to slow down global warming.

AM: Fluorescent light bulbs will slow down global warming because it uses less energy.
	CH: The energy saved can be used for other purpose, for example, to drive automobiles. In this way, fewer CO2 will be released. So it helps to slow down global warming indirectly. 

AM: Doesn't release as much carbon as the incandescent light bulbs do. 
	 CH: If people save electricity, power plant will generate less electricity. Therefore, fewer coals will be burned, and less CO2 release. So global warming will be slowed down.

AM: YES. Most of the energy used for electricity in the U.S. comes from the combustion of coal, which produces green house gases that promote global warming. If less energy was needed because of the use of f. bulbs, the amount of gas-producing combustion needed. 


Note: CH represents a Chinese student’s response and AM represents an American student’s response.  

2. Quantitative Analyses: Empirical validation of achievement levels for American and Chinese groups 

We used the IRT partial credit model to test how American and Chinese students’ responses map out against the four levels of the learning progression that we identified in our previous work. According to IRT, the probability of getting an item correct is a function of a latent trait or ability. A person with higher ability would be more likely to correctly respond to an item. The partial credit model assumes that the probability of reaching a performance level for a test item increases as the person’s ability increases. Our results show the item and step fit statistics were within the range of 0.77 and 1.33, indicating that they behaved as the model predicted. 

a. Wright-map

We built Wright maps to compare students’ abilities and item difficulties on the same logit scale. Figures 1 and 2 are two Wright maps for Chinese and American students respectively. The logit scale in the Wright maps below represents the ‘location’ of persons’ abilities and the ‘location’ of the thresholds for each item on a latent continuum. The histogram on the left side of the graph illustrates the distribution of students’ achievement. The numbers in the map ‘x.y’ (e.g. 26.4) are thresholds for each item. The notation x.y is used to indicate the y-th threshold/step of the x-th item. The item numbers range from 1 to 31 since we have 31 items in total and step numbers vary from 1 to 4. We used blue, green, yellow, and pink to distinguish the steps 1, 2, 3, and 4 for all items. 

When looking at the same steps across items, which are represented by the steps with the same color, we found they are more clustered together in the American Wright map than in the Chinese Wright map. In the Chinese Wright-map, many green steps (the 2nd thresholds of items) overlap with blue steps (the 1st thresholds of items) horizontally. This indicates that Chinese students gave responses at inconsistent levels across items and our levels of achievement may have poorer predictive power for Chinese students compared to American students. 

We think students’ carbon cycle learning progression should follow a trajectory from lower anchor (level 1) to upper anchor (level 4). This is reflected in both the Chinese and American Wright map. However, the underlying assumption of the learning progression is that students’ understandings of carbon transforming processes share the same base, which means Levels have predictive power: Students should show similar Levels of Achievement for Learning Performances associated with the Progress Variable in different items. Since Chinese students’ responses are less consistently at a certain level for many items, we can say that our identified achievement levels describe the American students’ learning trajectory better than it does that of the Chinese students. Chinese students may have a different learning progression compared to American students. 
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 Figure 1 Wright map of Chinese students’ responses      Figure 2 Wright map of American students’ responses

b. Scatterplots of item difficulties 

The Wright map above indicates that Chinese students do not consistently reach the same level across items. Some items are easier for them to reach a certain level, while others are harder for them to reach the same level. They understood some content areas earlier while other areas later compare to American students. To understand the differences between the learning performances of these two groups of learners, we analyzed the item difficulties for each process and for each principle. 

The two scatter plots below (Figure 3 & Figure 4) show the overall difficulty of each item for each group. There are 31 items in total that represented by 31 dots in the scatterplots. For each item, we used the item difficulty estimate for the American group as the x coordinate and the item difficulty estimate for the Chinese group as the y coordinate to locate the dot of the item. The diagonal in the figure is the y=x line. So a dot above the line indicates that the difficulty of the item is higher for the Chinese group than for the American group. A dot below the line indicates the opposite. In Figure 3, the items are color coded in terms of the process that they are assessing. In Figure 4, the items are color coded by the principles that the item assessing. 
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Figure 3 Item difficulties (item grouped by carbon transforming processes)

Note: The label for each dot consists of the item number plus the item label. For example, “26.C2M” means the 26th item, and the item label is C2M. All items have the same item number as they have in the previous Wright maps. For the item label (e.g. C2M), the last letter ‘M’ or ‘E’ indicates whether it is a matter item or an energy item. 
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Figure 4 Item difficulties (items grouped by tracing matter & tracing energy principles)

First we compared these two groups in terms of their performances for items of each carbon transforming process. In Figure 3, we found American students perform better on most of the photosynthesis, digestion & biosynthesis, and large-scale items, while Chinese students perform better on most of the cellular respiration and combustion items. In particular, the large-scale cross-process items (represented by black dots) are much more difficult for Chinese students than for American students. Those black dots are further apart from the diagonal, which suggests large differences in terms of the item difficulties for these two groups. 

When looking closely at these large-scale items, we found that American students apparently perform better for two items (item 28.C3M, item 29.C4E) that asking the matter/energy transformations through a food chain and an item (30.C5E) about the energy source of an ecosystem system. In addition, American students did better in an item (31.C6M) that asking why using high-energy efficient fluorescent light bulb instead of incandescent light bulb would help to slow down global warming. About one third of the American students identified CO2 released from electricity generation, which causes global warming, while only 13% of the Chinese students were able to make connections between high-energy efficiency light bulbs and global warming. The results for large-scale items show American students outperform Chinese students for food chain items and they are more aware of human social impact on environmental issues compared to Chinese students. 

Second, we compared American and Chinese students’ performances for tracing matter and tracing energy principles. The IRT analysis shows that among all 16 matter items, 7 items are harder for Chinese students (green dots above the line). Among all 15 energy items, 11 are harder for Chinese students (red dots above the line). In general, Chinese students perform better for matter items than for energy items. 

The matter items that are apparently easier for Chinese students are 15.D1M and 19.B1M. One asks students where does the matter in an apple go during decay. The other asks students what happens to the candle and the surrounding air when it burns. The matter items that are apparently harder for Chinese students are 26.C2M and 28.C3M. Both are cross-process items. One item requires students to connect carbon-transforming processes through decomposition to photosynthesis to a food chain. The other item requires students to identify energy rich materials such as food and fuels. With respect to energy items, we found most energy items are harder for Chinese students, except for a few items that are associated with energy in combustion or cellular respiration.          

3. Quantitative Analyses: Distribution of American and Chinese students’ responses among levels
After the qualitative and quantitative analysis of the empirical validation of the achievement levels for these two groups of learners, we analyzed the general distribution of American and Chinese students’ responses among levels. Figure 5 and 6 below show the percentages of American/Chinese middle and high school students’ responses at each level. In general, American and Chinese students’ responses are distributed similarly across levels. About half of the students’ responses in both groups are at level 2 and only a small proportion of students’ responses reach level 4. The percentages of level 3 and 4 responses from Chinese high school students are slightly higher than those from American high school students. We found that both American and Chinese students shift toward higher levels from middle school to high school. 

For Chinese students, at the middle school level, the majority of students’ responses are at level 1 or 2. Only about 7% of the responses are level 3 or above. At the high school level, students’ responses clearly shift toward higher levels. The percentage of level 1 response decreases tremendously to 4%; while the percentages of level 3 responses increase significantly to 25% and 8% of the responses reach level 4. For American students, at the middle school level, most of the responses are at level 1 or 2, about 12% of the responses reach level 3 and above. At the high school level, about 19% of the responses reach level 3 and 4% of the responses are at level 4. 

Figure 5 Distribution of middle school students’ responses among levels
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Figure 6 Distribution of high school students’ responses among levels
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Note: Some students did not respond or gave unintelligible answers. Therefore, the percentages add up to less than 100%.
Discussion

We summarize and discuss our findings as several points below:

First, our results indicate that American and Chinese students share similar general trends of learning progression from force-dynamic to scientific model-based reasoning. However, Chinese students progress differently compared to American students. Our framework describing four Levels of Achievement is less empirically valid for Chinese data than it is for American data. The order of item difficulties is different for the two groups. This indicates that Chinese students reach certain levels in our learning progression framework for some processes earlier than they reach the same level for other processes. Thus, Chinese students may follow a learning progression different from American students. 

Second, American and Chinese students perform differently in terms of their understanding of processes and principles. With respect to different carbon transforming process, American students perform better for photosynthesis, digestion & biosynthesis, and large-scale items, while Chinese students perform better for cellular respiration and combustion items. With respect to tracing matter and tracing energy principles, in general, Chinese students performed slightly better in matter items and American students did better in energy items. For tracing matter items, Chinese students included chemical equations more often in their responses. For tracing energy items, Chinese students included names of energy forms and mentioned the principle of energy conservation more commonly than American students, though they generally did not successfully use the principle as a tool to reason about carbon transforming processes. 

Third, the overall percentages of American and Chinese students’ responses at each level are similar. For both groups, only small percentages of students achieved level 4—principled, model-based reasoning. Only at this level could students consistently explain the role of carbon during key processes and move fluidly up and down the hierarchy of systems to explain large-scale changes using atomic-molecular accounts, both of which are essential for making sense of the environmental problems that are altering global carbon cycling. Since only a small percentage of students in both groups reached this level, we think it is imperative to improve science education in both countries to help more students achieve level 4 accounts. 
We suggest that the differences in these two groups of learners’ performances may result from factors such as curriculum, standards or teaching focus. Science subjects such as physics, chemistry, biology, and earth science are less integrated in Chinese science education compared to those in American science education. Students usually learn these subjects separately in middle and high school. Chinese students may have difficulty connecting knowledge from different disciplinary areas to reason about carbon transforming processes or large-scale events. For example, Chinese students learn energy concepts and energy conservation principles in their physics classes. Though they have better understanding of energy forms, the energy conservation principle, and perform better for items about energy transformations in combustion, they often fail to apply their knowledge of energy into biochemical processes to answer questions such as “What will happen to its energy when the apple is rotting?”, “ Does the ecosphere have energy exchange with the outside environment?”. 

American students outperform Chinese students for energy items in biochemical processes also because energy transfer in biochemical processes and in ecosystem is more emphasized in Michigan state standards and curriculum compared to those in Chinese science education. Michigan high school standards require students to be able to “illustrate and describe the energy conversions that occur during photosynthesis and respiration”, “describe energy transfer through an ecosystem” and “account for energy lost to the environment as heat”(MDE, 2006). However, Chinese national biology curriculum materials mainly focus on matter transformations during processes such as photosynthesis and cellular respiration. Energy flow in ecosystems is only introduced in a short section. The transformations of energy in biochemical processes are less emphasized. 
In addition, Chinese science education is often criticized for its lack of connection between science and environmental or social impact (Ding, 2000; Shen, et al., 2006). In both middle and high school national biology textbooks, the relationship between humans and ecosystems is briefly introduced in the last chapter. However, in Michigan’s state biology standards, understanding human impact on ecosystems is listed as core knowledge. Students need to understand “humans can have tremendous impact on the environment”, able to “describe the greenhouse effect and list possible causes and list the possible causes and consequences of global warming” (MDE, 2006). This may explain the difference between Chinese and American students’ performances for the global warming item. 
On the other hand, Chinese students memorize more chemical identities, chemical equations, energy forms and fundamental energy/matter conservation principles, which are emphasized in Chinese science education. In Chinese science education, teachers usually focus their teaching on chemical identities, equations and scientific principles which will be tested by the standardized assessments. This may explain why Chinese students remember and include more chemical representations and fundamental principles in their responses. Chinese biology textbooks focus more on matter transformations in biochemical processes than on energy transformations, which may explain why Chinese students performed better on matter items than on energy items. The focus of the curriculum materials, standards or teaching focus has influences on students’ performance. The differences between science education in these two countries may result in the differences in their students' test performances.
Limitations

The sample in our study is not representative for students in both countries. We use “American students” and “Chinese students” through the paper. However, it is important to point out that we are just referring to the American and Chinese students in our sample rather than the whole population. Since our sample is not representative for the whole population, any conclusions we draw based on the sample may not applicable to all American and Chinese students. Our intention is to get a glimpse of students’ science learning in both countries. 

All the items we used were first developed in English by our research group and then translated into Chinese. Though we tried to make sure that the translated items kept the same meanings as the original items and were easy to understand for Chinese students, the translated test may still not be considered as an equivalent test for Chinese students. The context of the items may be more familiar to American students and the values embedded in the items are inherent in American science education. This is something we need to improve for our assessment in any future comparison study. Another limitation of this study is that while we can analyze the differences that we saw within students’ data, we can only hypothesize about the reasons that may cause these differences. We do not have enough data to make well-grounded arguments about what caused the differences between American and Chinese students’ performances.  

Implications

Through this study, we develop a better understanding of Chinese students’ learning progression of carbon cycling, which has not been sufficiently explored by previous educational research. We think it is especially important for students in the two leading greenhouse gas emission countries, the U.S. and China, to develop scientifically sophisticated accounts of the carbon cycle so as to make knowledgeable decisions about environmental issues. However, we found that only small percentages of students achieved scientific based reasoning (level 4) in both countries. Thus, it is urgent to improve science education in both nations to help more students shift to high-level understanding and be environmental science literate. 

We believe science education in another country can provide us with ideas on how to make improvements. For example, Chinese science education could develop students’ science interdisciplinary knowledge to help them connect multiple carbon transforming processes though multiple scales. In addition, Chinese science education could place more emphasis on energy transformations in biochemical processes. American science education could pay more attention to developing students’ chemical understanding and mastery of fundamental principles. 
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Appendix A Item list 

1,2. (P1M, P1E) THINGTREE 

A small oak tree was planted in a meadow. After 20 years it has grown into a big tree, weighing 250 kg more than when it was planted. 

a. Where did MOST of the extra 250 kg come from? Please circle the ONE source that contributed most to the tree’s weight gain.

a. Soil 

b. Air

c. Sunlight

d. Water

e. Minerals in soil

f. Other (Please list _______________________________)

Explain why you think your choice contributed the most to the increase in mass.  (If other processes also contributed to the mass, explain which ones they are, too.) Try to explain what happens inside the tree as it grows wood and leaves.

b. Where did the oak tree get energy to grow and change? Please circle Yes or No for each of the following and explain your choices. 

a. Air




Yes

/
No

b. Sunlight




Yes

/
No

c. Water





Yes

/
No

d. Minerals in soil

 



Yes

/
No
e. Nutrients in soil





Yes

/
No
f. Plants make their own energy 

Yes

/
No



Please explain your answers. In particular, explain why the ideas you circled “No” for are NOT sources of energy for the tree.
3. (P2E) ENERPLNT  

Which of the following is/are energy source(s) for plants? Circle yes or no for each of the following: 
a. Water





Yes   /   No

b. Light





Yes   /   No

c. Air






Yes   /   No

d. Nutrients in soil




Yes   /   No

e. Plants make their own energy. 


Yes   /   No

Explain your answers. 
4. (P3E) LIGHTEN 

Sunlight helps plants to grow. Where does light energy go when it is used by plants? Please choose the ONE answer that you think is best.

a. The light energy is converted into glucose of the plants. 

b. The light energy is converted into ATP in the plants.  

c. The light energy is used up to power the process of photosynthesis. 

d. The light energy becomes chemical bond energy. 

e. The light energy does not go into the plants’ body. 
Please explain why you think that the answer you chose is better than the others.  (If you think some of the other answers are also partially right, please explain that, too.) 

How does light help plants to grow? Please explain your answers. Tell as much as you can about PROCESSES happening in the plants’ body. 

5. (P4M) SEEDGAIN

Three batches of radish seeds, each with a starting weight of 1.5g (dry) were placed in Petri dishes and provided only with light or water or both, as shown in the photo. After 1 week, the material in each dish was dried and weighed. The results (masses after drying) are shown below. 

a) Which of the following processes contributed the most to the increased dry mass of the “Light, Water” treatment? 

a) Absorption of mineral substances by the roots.

b) Absorption of organic substances by the roots.

c) Absorption of carbon dioxide gas from the air by green leaves.

d) Absorption of water by roots.
e) Absorption of sunlight by leaves. 
b) Explain why you think your choice contributed the most to the increase in mass. (If other processes also contributed to the mass, explain which ones they are, too.)
c) The “No Light, Water” treatment lost mass (from 1.50g to 1.17g). What do you think happened to the mass that was lost?
6. (G1M) EATAPPLE 

An apple is eaten by a child and digested in his body. 
a) What happens to the substances in the apple when it is digested? 

b) How can the child’s body use the substances in the apple to help his feet grow?
7. (G2M) INFANT

When the baby was five months old, she weighed 22 lb. After 7 years, the tiny baby has grown into a big girl, weighing 50 lb. 

a. The baby gained more and more weight as she grew. Where did her weight come from? Please circle Yes or No for each of the following and explain your choices. 

a. Sunlight


Yes

/
No

b. Water



Yes

/
No

c. Air 



Yes

/
No

d. Nutrients


Yes

/
No

e. Foods



Yes

/
No

f. Exercises 


Yes

/
No

Please explain your answer. Try to explain what happens inside the girl’s body to each of the materials that you circled “Yes.”

8. (G3E) STOREEN

Where does your body store energy for later use? Please choose the ONE answer that you think is best.

a. Energy is stored in the form of matter. 

b. Energy is stored in the form of chemical energy.

c. Energy is stored in the cell, but is separated from the matter of the cell. 

d. Energy is stored among the cells. 

e. The body does not store energy. Energy is produced when you need it.

f. Other_______________________________________________

Please explain why you think that the answer you chose is better than the others. (If you think some of the other answers are also partially right, please explain that, too.)

9. (G4E) ENERPEOP

b. The baby stored energy in her body. Where did she gain that energy? Please circle Yes or No for each of the following and explain your choices.

a. Sunlight


Yes

/
No

b. Water



Yes

/
No

c. Air 



Yes

/
No

d. Food



Yes

/
No

e. Exercise 


Yes

/
No

Please explain your answers.  How does each material that you circled “Yes” for supply energy for the girl?

10,11. (R1M R1E) GLUGRAPE

The grape you eat can help you move your little finger.
a. Please describe how the substances from the grape provide energy to move your little finger. Describe as many intermediate stages and processes as you can. 

b. Do you think the substances of the grape can also help you to keep your body warm at the same time when they are used to move your little finger? Please explain your answer. 

12. (R2M) WTLOSS

When a person loses weight, what happens to some of the fat in the person’s body? Please choose ONE answer that you think is best.
a. The fat is broken down and leaves the person’s body as water and gas.

b. The fat is converted into energy

c. The fat is burned up providing energy for the person’s body functions

d. The fat is broken down and leaves the person’s body as feces and urine

Please explain why you think that the answer you chose is better than the others.  (If you think some of the other answers are also partially right, please explain that, too.)

13. (R3E) BODYTEMP

Your body needs heat to keep its normal temperature. Where does the heat mainly come from? Please choose ONE answer that you think is best.
a. The heat mainly comes from sunlight. 



b. The heat mainly comes from the clothes you are wearing.
 


c. The heat mainly comes from the foods you eat. 



d. When people exercise, their bodies create energy. 



Please explain why you think that the answer you chose is better than the others.  (If you think some of the other answers are also partially right, please explain that, too.)

14. (R4M) AIRDIFF

How is the air you breathe out different from the air you breathe in? Where does it change and how does it change?

15, 16. (D1M D1E) APPLEROT

When an apple is left outside for a long time, it rots. 

a)  What causes the apple to rot?

 b)  The weight of the apple decreases as it rots. What do you think happens to the mass/stuff that was once in the apple?
c)  Do you think that energy is involved when the apple rots?  Yes  /  No

Please explain your answer. 

17.18. (D2M, D2E) TREEDECAY 

A tree falls in the forest. After many years, the tree will appear as a long, soft lump barely distinguishable from the surrounding forest floor. 

a. The mass of the lump on the floor is less than the mass of the original tree.  Where do you think that the mass that is no longer in the lump has gone? In what form?
b. What caused the changes in the wood?  How did those changes happen?  Give as  many details as you can about what is breaking the wood down, and how.

19, 20. (B1M B1E) AIRBURN

A burning candle is put into an air-tight container. After some time, the candle stops burning. 

a) How does the air change while the candle is burning?
b) As the candle burns, it gets shorter in height. What happens to the matter in the wax after it melts and is burned? Please explain your answer.
c) Where does the energy for burning come from? Please explain your answer. 

21. (B2M) GASWATER 

Why do people use gasoline instead of water to run their cars? Please tell as much as you can about substances and chemical processes. 

22,23. (B3M B3E) GASMT

When you are riding in a car, the car burns gasoline to make it run. Eventually the gasoline tank becomes empty. 
a) What happened to the matter the gasoline was made of?
b) When the gasoline tank becomes empty and the car stops, what happens to the energy of gasoline? Where does it go? Do you think the energy of gasoline still exists somewhere? Please explain your answers. 

c) Do cars need air in order to run?  Yes  /  No

Please explain your answer. 

24, 25. (C1M C1E) DIFEVENTS 

A. Eating a hamburger B. Filling up a car with gasoline C. Watering plants
The pictures above show that three things are happening. Are they alike or different? Please explain your answer. 

A scientist says that A and B are similar events, but picture C is different from A and B. Do you know why? Please explain why C is different from A and B. 

26, 27. (C2M C2E) ENERRICH

A scientist made three groups A, B, and C, like the following:

A. Sugar, meat, bread

B. Water, limestone, sand

C. Coal, gasoline, wood
a) What makes them go together? 
b) Why would water go with limestone and sand rather than sugar and meat? 

c) Does it seem to you that groups A and C have anything in common?  If yes, what are in common? Please explain your answers.
28. (C3M) GRANJOHN

Grandma Johnson had very sentimental feelings toward Johnson Canyon, Utah, where she and her late husband had honeymooned long ago. Because of these feelings, when she died she requested to be buried under a creosote bush in the canyon. Describe below the path of a carbon atom from Grandma Johnson’s remains, to inside the leg muscle of a coyote. NOTE: The coyote does not dig up and consume any part of Grandma Johnson’s remains. 

29. (C4E) DEERWOLV 

A remote island in Lake Superior is uninhabited by humans. The primary mammal populations are white-tailed deer and wolves. The island is left undisturbed for many years. Select the best answer(s) below for what will happen to the average populations of the animals over time. 
_____a. The deer will all die or be killed.

_____b. The wolves will all die or be killed.

_____c. On average, there will be a few more deer than wolves.

_____d. On average, there will be a few more wolves than deer.

_____e. On average, there will be many more deer than wolves.

_____f. On average, there will be many more wolves than deer.

_____g. On average, the populations of each would be about equal.

_____h. None of the above. My answer would be: ______________________________

______________________________________________________________________

______________________________________________________________________

 Please explain your answer to what happens to the populations of deer and wolves. 
30. (C5E) ECOSPHERE 

NASA scientists invented the EcoSphere – inside a sealed glass container, there are air, water, gravel, and three living things – algae, shrimps, and bacteria. Usually, these three living things can stay alive in the container for two or three years until the shrimps become too old to live. The picture above shows an EcoSphere and its inside part. The EcoSphere is a closed ecosystem and has no exchange of matter with the outside environment. 

Do you think the EcoSphere has energy exchange with the outside environment? 

Circle one: 
YES
/
NO

If your answer is NO, why the living things can stay alive without energy exchange with the outside world?

If your answer is YES, what are the energy input and output of the EcoSphere? Please explain the forms of energy. 

31. (C6M) LBULB (MH)

Compared with incandescent light bulb, fluorescent light bulb has higher energy efficiency and can save 66% to 75% energy. Do you think your personal behavior of using fluorescent light bulb instead of incandescent light bulb can contribute to slowing global warming? Please explain your answers. 

















































1 The term socio-ecological systems comes from the Strategic Research Plan of the Long Term Environmental Research Network (LTER Planning Committee, 2007).  It reflects the understanding of these scientists that cutting-edge ecological research can no longer be conducted without considering the interactions between ecosystems and the human communities that occupy and manage them. 
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