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Abstract

Learning progressions are descriptions of increasingly sophisticated ways of reasoning about a topic.  In this interactive poster symposium we describe and discuss the development of learning progressions from upper elementary through high school focusing on preparing students for environmentally responsible citizenship.  We organize these learning progression around four strands:

1. Carbon.  The role of carbon compounds in earth, living, and engineered systems, including carbon dioxide in the atmosphere, energy flow and carbon cycling in ecosystems, and fossil fuels in human energy and transportation systems

2. Water.  The role of water and substances carried by water in earth, living, and engineered systems, including the atmosphere, surface water and ice, ground water, human water systems, and water in living systems.

3. Biodiversity.  The diversity of living and engineered systems, including genetics and life cycles of individual organisms, evolutionary changes in populations, diversity in natural ecosystems and in human systems that produce food, fiber, and wood.

4. Citizenship: how students take on citizenship roles (consumers and voters) and explain their reasoning about personal decisions with environmental consequences. 

Individual papers and posters report empirical research on students’ development of understanding in these strands, as well as addressing issues of methodology, assessment, and curriculum.  

Through the posters in this symposium and their accompanying papers we seek to tell three intertwined stories about our work.  The first of these is a policy story concerning the implications of research on learning progressions for environmental science literacy on standards, assessments, and curricula. Second, there is a research story, about the iterative process of developing and validating a learning progression.  Finally, we present and discuss the products of our development and validation processes, the learning progressions themselves.  Each of these progressions tells a learning story about how children can develop understanding and practices of responsible citizenship in a complex and important domain: Processes that transform carbon, water, or biodiversity in socio-ecological systems.

Introduction

Through the posters in this symposium and their accompanying papers we seek to tell three intertwined stories about our work.  The first of these is a policy story concerning the implications of research on learning progressions for environmental science literacy on standards, assessments, and curricula. Second, there is a research story, about the iterative process of developing and validating a learning progression.  Finally, we present and discuss the products of our development and validation processes, the learning progressions themselves.  Each of these progressions tells a learning story about how children can develop understanding and practices of responsible citizenship in a complex and important domain: Processes that transform carbon, water, or biodiversity in socio-ecological systems.

We begin this overview of the research with a discussion of the policy story, as we introduce our ideas about environmental science literacy and about learning progressions.  We then shift to the research story, explaining our standards and procedures for developing and validating learning progressions.  We then give a brief overview of the learning stories, telling how students can develop environmental science literacy in each of the four domains we are studying—carbon, water, biodiversity, and citizenship.  Finally, we return to the policy story, considering the implications of this research for standards, curriculum, and assessment. 

The Policy Story: Environmental Science Literacy and Learning Progressions

This session is built around two key ideas: environmental science literacy and learning progressions.  We discuss the meaning of each below.  

Environmental Science Literacy

The 2007 Nobel Peace Prize, awarded to Al Gore and the Intergovernmental Panel on Climate Change (IPCC), provides a sign of what is at stake in science education today. This scientific research (IPCC, 2007; Gore, 2006) is significant to science educators because its impact will depend on public understanding.  Responding to this research will require collective human action on an unprecedented scale. 

A close look at the language and content of the prize-winning reports reveals the challenges that they present to lay readers.  Even the simplest and least technical of the IPCC reports, the final Summary for Policymakers (IPCC, 2007) designed to be convincing to experts, is carefully sourced, explicitly based on evidence and scientific models, and nuanced with respect to levels of certainty for specific conclusions. We quote briefly from this report concerning evidence for anthropogenic climate change and projected effects of human activities on climate in the future.

For the next two decades a warming of about 0.2°C per decade is projected for a range of emission scenarios. Even if the concentrations of all GHGs [greenhouse gases] and aerosols had been kept constant at year 2000 levels, a further warming of about 0.1°C per decade would be expected. Afterwards, temperature projections increasingly depend on specific emission scenarios. {3.2} (IPCC, 2007, p. 6)

The writing presumes substantial knowledge of chemistry, physics, atmospheric science, and statistics.  Yet on the basis of this report our country is debating proposed changes in law and policy that will affect every American—how much we pay for gasoline, where we can live, how warm we can keep our homes, what kinds of cars we can buy.  The report is written for policymakers—mostly college graduates who did not major in science.  How well prepared are they to understand and act responsibly on this report?

Although the scientific content of Al Gore’s book, An Inconvenient Truth, resembles the content of the IPCC report, the style is far more popular.  For example, instead of climate projections based on alternative emissions scenarios, like the IPCC report, Gore presents recommendations for policy including simplified versions of Pacala & Socolow’s (2004) climate stabilization wedges and personal lifestyle recommendations (for example, “Reduce the number of miles you drive by walking, biking, carpooling, or taking mass transit whenever possible” (p. 311)).  Gore also presents the evidence for a link between atmospheric carbon dioxide concentration and global average temperature in the form of a commentary on a simplified graph.  
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In Antarctica, measurements of CO2 concentrations and temperatures go back 650,000 years.

The blue line below charts CO2 concentrations over this period….

The gray line shows the world average temperature over the same 650,000 years.

Here is an important point.  If my classmate from the sixth grade were to see this—you remember, the guy who asked about South America and Africa—he would ask, “Did they ever fit together?”

The answer from scientists would be, “Yes, they do fit together.”

It’s a complicated relationship, but the most important part of it is this: When there is more CO2 in the atmosphere, the temperature increases because more heat from the Sun is trapped inside. (Gore, 2006, pp. 66-7)

Thus Gore’s book and slide show assume an audience with virtually no knowledge of chemistry or physics.  Gore makes an attempt to explain how the knowledge he presents has been developed and validated, again assuming that these ideas will be new to many members of his audience.  He often avoids quantification; when he uses numbers, he generally accompanies them with clever representations that help audiences appreciate their magnitude visually.  

These are hardly the only examples of texts written for public consumption that have important economic and environmental implications while making substantial demands on the scientific knowledge of their readers.  For example, here is an excerpt from the Ecological Society of America’s Policy Statement on Biofuel Sustainability:

The current focus on ethanol from corn illustrates the risks of exploiting a single source of biomass for biofuel production. A growing percentage of the U.S. corn harvest – 18 percent in 2006 – is directed towards grain ethanol production. This has not only resulted in record-high corn prices, it has produced strong incentives for continuously-grown corn, higher-than-optimal use of nitrogen fertilizers, the early return of land in conservation programs to production, and the conversion of marginal lands to high-intensity cropping. All of these changes exacerbate well-known environmental problems associated with intensive agriculture:

* Continuously-grown corn is more susceptible to insect damage and allows weeds to become more persistent, requiring more insecticides and herbicides.

* Nitrogen fertilizer is the principal contributor to nitrogen pollution of groundwater, surface waters, and coastal zones, and a major source of the greenhouse gas nitrous oxide.  

* Placing previously fallow land enrolled in conservation programs back into production reduces wildlife diversity, requires irrigation, and releases carbon dioxide.   

* Converting marginal lands to agriculture or farming them more intensively creates new sources of agricultural pollution and, in many cases, disproportionately increases nutrient loss and soil erosion; many of these lands are marginal to begin with because they are on sloping, sandy, or wet soils particularly susceptible to soil and nutrient loss. (Ecological society of America Policy Statement on Biofuel Sustainability: http://www.esa.org/pao/policyStatements/Statements/biofuel.php) 
In awarding the Nobel Prize jointly to the IPCC and Al Gore, the Nobel committee implicitly endorsed a two-level approach to educating policymakers and the public about global climate change.  The IPCC report, designed to be convincing to experts, is carefully sourced, explicitly based on evidence and scientific models, and nuanced with respect to levels of certainty for specific conclusions. The ESA policy statement presents similar challenges to lay readers.  What do readers need to understand about the relationship between surface and ground water, for example, to make sense of the statement that nitrogen fertilizer can pollute groundwater?  Why does placing fallow land in cultivation release carbon dioxide?

Al Gore’s book and slide show, on the other hand, assume an audience with little knowledge of chemistry or physics.  Gore makes an attempt to explain how the knowledge he presents has been developed and validated, again assuming that these ideas will be new to many members of his audience.  He often avoids quantification; when he uses numbers, he generally accompanies them with clever representations that help audiences appreciate their magnitude visually.  

The language of Gore’s book is clearly much more accessible to lay readers, but it also raises problems and issues.  How much of the scientific meaning is lost with the simplification?  Should we expect citizens to make or accept changes in law and policies that affect their employment and lifestyles on the basis of no information sources more complicated than Gore’s book, leaving the “technical details” of the IPCC report to the experts?  Has Gore oversimplified complex science in ways that could lead people astray?  How can a reader decide whether to trust Gore’s claims, especially when the conclusions of these reports are contested in the popular press.  There are other books written in similar informal styles claiming that the scientific research leads to quite different conclusions (e.g., Crichton, 2004; Lomborg, 2007). 

We suggest that current levels of public understanding provide a perilously thin basis for the kinds of large-scale changes in public reasoning and behavior that will be required during the lifetimes of young people who are students today.  All high school graduates should be able to understand, evaluate, and respond to discussions of global climate change at the level of An Inconvenient Truth or the ESA Biofuels Policy Statement.  People in policymaking positions—college graduates who majored in science or in other subjects—and science teachers should be able to understand and evaluate the IPCC reports and their implications for policy and action. 
Thus responsible citizens must recognize that our actions affect the material world—the environmental systems on which we and our descendents depend—and find ways to use scientific knowledge to evaluate the actual and probable environmental consequences of our actions as we engage in the various roles of citizens. For us that does not imply any particular political position, but it does mean two things.  Citizens should be able to: 

· understand and evaluate experts’ arguments about environmental issues. 

· recognize policies and actions that are consistent with their environmental values.

The posters in this session present our work on four interconnected learning progressions, all focusing on learners from upper elementary through high school level, and all sharing the goal of environmental science literacy—the capacity to understand and participate in evidence-based discussions of socio-ecological systems.
  Environmental science literacy requires understanding of many aspects of science, including chemical and physical change, carbon cycling, water cycling, biodiversity and evolution by natural selection.  These phenomena are currently addressed in many state and national standards documents and in school curricula, but typically they are addressed in disconnected ways—in different courses or in different units in the same course.  Environmental science literacy also involves participating in decision-making through various roles as citizens. We have organized the domain of environmental science literacy of this domain in terms of (a) roles and practices, (b) phenomena defined as processes in socio-ecological systems, and (c) trends and levels of achievement.
Roles and practices.  Learners’ and citizens’ practices are always socially embedded.  Practices are associated with identities-in-practice or social roles (Cobb & Hodge, 2006; Holland, Skinner, William, & Cain, 2001; Tan & Barton, 2006).  We work with learners who will play multiple roles as citizens - as learners, consumers, voters, workers, volunteers, and advocates. In our work we focus specifically on the scientific knowledge and practices that citizens will need to play these roles.  Our framework includes three key practices (each of which is actually a complex domain of practice) that are essential for responsible citizenship and that students can engage in as learners:

· Inquiry: learning from experience, developing and evaluating arguments from evidence.  We will not report on students’ inquiry practices in this poster symposium.  

· Scientific accounts: understanding and producing model-based accounts of environmental systems; using scientific accounts to explain and predict observations.  Posters in this symposium describe learning progressions for three strands:

· Carbon.  The role of carbon compounds in earth, living, and engineered systems, including carbon dioxide in the atmosphere, energy flow and carbon cycling in ecosystems, and fossil fuels in human energy and transportation systems.

· Water.  The role of water and substances carried by water in earth, living, and engineered systems, including the atmosphere, surface water and ice, ground water, human water systems, and water in living systems.

· Biodiversity.  The diversity of living systems, including variability among individuals in population, evolutionary changes in populations, diversity in natural ecosystems and in human systems that produce food, fiber, and wood.

· Citizenship: using scientific reasoning for responsible citizenship.  We report on interviews with students in which we asked them to take on citizenship roles (consumers and voters) and explain their reasoning about personal decisions with environmental consequences.

Phenomena: Processes in socio-ecological systems.  Figure 1 is an adaptation of the “Loop Diagram” developed by the Long-Term Ecological Research (LTER) Network to describe their ongoing research agenda (LTER Planning Committee, 2007).  The Loop Diagram suggests a way to understand the relationships between our societies and the environmental systems upon which we depend.

Figure 1 depicts the key relationships in terms of two boxes, representing human and environmental systems, and two arrows, representing the environmental impacts of our actions and essential environmental services.  We see this diagram as having three key implications for the science curriculum and the definition of our domain:

· Whenever you think about any of these issues, you need to think about the whole loop.  For example, if we want to preserve biodiversity in environmental systems (the right-hand box), we need to consider how our management affects biodiversity (the human actions impact) and how we will get the food and living space we now get after reducing biodiversity (the environmental system services arrow).

· Current science curricula (e.g., National Research Council, 1996; NAEP Framework, 2006) are located mostly inside the environmental systems box.  Our domain includes the environmental impact and ecosystem services arrows.  (We also believe that the social studies curriculum should teach students about human social and economic systems in ways that enable them to connect those systems to the arrows, but we do not include those systems in the domain for these learning progressions.)

· We need to teach what’s inside the environmental systems box in a way that helps students connect environmental systems to the arrows.  Our approach has been to organize our work around the four strands described above: carbon, water, biodiversity, and citizenship.


Figure 1: Structures and Processes of Socio-ecological Systems (Loop Diagram)

Thus understanding the loop diagram and applying that understanding to the practices of inquiry, accounts, and citizenship is important.  Yet we have abundant evidence (including evidence from the posters in this session) that this understanding is a difficult and hard-won accomplishment, currently not achieved most high school and college students.  This leads to the question of how that understanding can be achieved, and what roles researchers should play in developing educational systems supporting that understanding.  Our answer to this questions hinges on the development of learning progressions, as discussed in the next section.  

Learning Progressions

Learning progressions are descriptions of increasingly sophisticated ways of thinking about or understanding a topic (Committee on Science Learning, 2007).  Well-grounded learning progressions can serve as a basis for dialogue among science education researchers, developers of standards documents, assessment developers, and curriculum developers.  This approach is endorsed by both the National Research Council (Wilson & Bertenthal, 2005; Committee on Science Learning, 2007) and the National Assessment Governing Board in the framework for the 2009 NAEP science test (NAGB, 2006).  Work has been published on the conceptual and methodological foundations for learning progressions (Briggs, Alonzo, Schwab, & Wilson, 2004; Smith, Wiser, Anderson, & Krajcik, 2007).  However, empirically grounded learning progressions in most domains have not yet been developed.

Not everyone who writes about learning progressions agrees that empirical grounding is essential.  For example, Heritage (2008) describes learning progressions as attempts to develop descriptions of expected student learning that have three qualities called for in the NRC report Knowing What Students Know (NRC, 2001).  Those qualities are coherence, comprehensiveness and continuity. 

As researchers, we argue that these qualities are necessary but not sufficient.  One of our central concerns in developing learning progressions is fostering dialogue between researchers and developers of standards, assessments, and curricula.  It seems reasonable that developers of science education standards, curricula, and assessments should make use of insights from research on science learning; yet in practice a meaningful dialogue has been difficult to achieve.  

One important source of these difficulties has been that developers and researchers work under different design constraints.  Curricula and large-scale assessment programs need frameworks that describe learning in broad domains over long periods of time.  Researchers, on the other hand, are required to develop knowledge claims that are theoretically coherent and empirically grounded.  In general researchers have been able to achieve theoretical coherence and empirical grounding only for studies of learning over relatively short time spans (usually a year or less) in narrow subject-matter domains.  Faced with a confusing welter of small-scale and short-term studies, developers have understandably based their frameworks primarily on logic and on the experience of the developers.
 

Recent research on learning progressions has been motivated by guarded optimism that we may be ready to bridge the gap—to develop larger-scale frameworks that meet research-based standards for theoretical and empirical validation.  We will call the idea that this is possible the learning progression hypothesis.
The learning progression hypothesis 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.  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, 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.  

The Research Story: Testing the Learning Progression Hypothesis

In its general form, the learning progression hypothesis is just a notion about what might be possible.  It can be tested only through specifics; we can try to develop actual research-based learning progressions as existence proofs.  The work reported in this symposium represents our attempt to develop and validate learning progressions.  After a brief description of the structure of our learning progressions, we suggest standards and processes for validation: our list of qualities that learning progressions should have.  Finally, we describe briefly some key aspects of the development process for the learning progressions reported in this symposium.
General Framework for Learning Progressions

Table 1 uses a learning progression that we are working on now, focusing on the development of environmental science literacy, to illustrate key features of a framework for learning progressions.
  Most current research on learning progressions uses similar frameworks, though there is little consistency in vocabulary.  The successive learning progression frameworks that we have developed have the same general structure, represented in Table 1, which uses the carbon learning progression as an example.  It identifies a unit of analysis: Learning Performances.  It organizes students’ Learning Performances according to (a) Progress Variables and (b) Levels of Achievement. 

Progress variables are our versions of what is sometimes referred to in the literature on learning progressions as “big ideas” (Catley, Lehrer, and Reiser, 2005; NRC, 2007, Chapter 8; Smith, et al., 2006).  These are aspects of knowledge and practice that are present in some form at all Levels of Achievement, so that their development can be traced across Levels. The development of Progress Variables is an iterative process; they are derived partly from theories about how knowledge and practice are organized and partly from empirical research on assessment and student reasoning (Briggs, Alonzo, Schwab,  & Wilson, 2004; Wilson, 2005, Draney & Wilson, 2007).  In this learning progression, our progress variables are carbon-transforming processes in socio-ecological systems.  Students have ways of accounting for these processes or their visible manifestations (e.g., plant growth for photosynthesis, animal growth for transformation of organic carbon, decay for cellular respiration) at all Levels of Achievement, so that their development can be traced across Levels.  

Table 1: General Learning Progression Framework (Using Carbon as an Example)

	Levels of Achievement
	Progress Variables (Carbon-transforming processes)

	
	Photosynthesis
	Transformation of organic carbon
	Cellular Respiration
	Combustion
	Large-scale processes

	5: Qualitative model-based accounts
	Learning performances for specific processes 

and Levels of Achievement: 

Accounts of processes in socio-ecological systems

	4: “School science” narratives 
	

	3: Events with hidden mechanisms
	

	2: Event-based narratives 
	

	1: Human-based narratives 
	


Levels of Achievement are patterns in learners’ knowledge and practice that extend across Progress Variables (see Mohan, Chen, & Anderson, 2007; Jin & Anderson, 2007).  This is a key part of the learning progression hypothesis—that students’ performances for different Progress Variables will be aligned in predictable ways.  As with Progress Variables, the development of Levels of Achievement is iterative; they are based partly on research about what constitutes higher and lower levels of performance and partly on data about students’ actual performances.  The five Levels of Achievement in this learning progression describe performances we have seen in students from upper elementary grades through high school.
Learning Performances are the contents of the individual cells of Table 1: the specific practices characteristic of students who are at a particular Level of Achievement and reasoning about a particular Progress Variable.  Describing specific Learning Performances is at the core of the learning progressions hypothesis: The Learning Performances should be consistent with their position in Table 1, but they also provide specific predictions about student reasoning and student learning that can be tested empirically.  Thus it is through Learning Performances that we can link the learning progression framework to empirical data from assessments and teaching experiments, enabling us to test the learning progression hypothesis.
 

Standards and Processes for Validation

We seek to develop learning progressions that have three qualities:
· Conceptual coherence: a learning progression should “make sense,” in that it tells a comprehensible and reasonable story of how initially naïve students can develop mastery in a domain.  Dr. Heritage also identifies coherence as an important quality of learning progressions.

· Compatibility with current research: a learning progression should build on findings or frameworks of the best current research about student learning.  This research rarely provides precise guidance about what Learning Performances are appropriate for students at a particular grade level, but it does provide both domain-specific (i.e., focusing on specific subject matter) and domain-general (i.e., focusing on more general aspects of learning and reasoning) constraints on learning progressions.  For example, the NRC report Taking Science to School (NRC, 2007) identifies four “strands of scientific proficiency” that enter into all science learning. Students who understand science:

1. Know, use, and interpret scientific explanations of the natural world.

2. Generate and evaluate scientific evidence and explanations. 

3. Understand the nature and development of scientific knowledge.

4. Participate productively in scientific practices and discourse. 

· Empirical validation: The assertions we make about student learning should be grounded in empirical data about real students.

Table 2: Criteria for Validity of Learning Progressions

	Characteristic of Learning Progressions
	Conceptual Coherence
	Compatibility with Current Research
	Empirical Validation

	Individual cells: Learning performances
	· Learning performances are described in consistent ways, including (a) knowledge, (b) practice, and (c) context—real-world systems and phenomena.
	· Learning performances are compatible with those described in the research literature.
	· Learning performances describe actual observed performances by real students.

· Students are consistent across different questions or modes of assessment (e.g., written assessments and clinical interviews) that assess the same learning performance

	Rows: Levels of Achievement
	· Levels are conceptually coherent: Different Learning Performances reflect some underlying consistency in reasoning or outlook
	· Levels reflect consideration (explicit or implicit) of strands of scientific literacy (see above).
	· Levels have predictive power: Students should show similar Levels of Achievement for Learning Performances associated with different Progress Variable.

	Columns: Progress Variables
	· Definition of Progress Variable captures important aspects of Learning Performances at all Levels of Achievement
	· Progress from one Level to the next is consistent with research on students’ learning.
	· Progress from one Level to the next can be achieved through teaching strategies that directly address the differences between Learning Performances



These criteria are applied to the key elements of the structure of learning progressions—Learning Performances, Levels of Achievement, and Progress Variables—in Table 2.  The development and validation of learning progressions are iterative processes.  We develop initial frameworks that reflect what we know from previous research and our experience, as well as our attempts to meet make the framework conceptually coherent.  We use these frameworks to develop assessments and/or teaching experiments.  We use the results of this empirical validation process to revise the frameworks.  Then we start the process over again.  With each new iteration we make progress toward meeting all of the criteria. 

Specific Methods for Posters in this Session

The learning progressions presented in this session rely on data from student written assessments (about 2500 in all) and clinical interviews (about 65).  The data sets for individual posters are described below.  Students were in upper elementary through high school grades and were taking required science classes.  For two of the strands, carbon and water, we had pretest and posttest data from teaching experiments based on materials that we developed (available on our website).  We do not report formal evaluations of the results of the teaching experiments in this session; we included student posttests and post-interviews in our data set to add variance to the sample. 

Development of the learning progressions is an iterative (and still continuing) process.  Beginning in fall, 2003, we developed written assessments and interview questions based on our initial ideas about the knowledge and practices of environmental literacy.  The results of these assessments helped us to refine our ideas about trends and levels of achievement, which led in turn to improved questions, and so forth.  As we have developed our frameworks and assessments, we have paid increasing attention to identifying trends and levels that are in evidence for all strands (see Table 1 and poster descriptions) and to refining the measurement properties of our assessments (see Wilson, 2005, and poster 1, below).   

Each poster documents some aspect of our progress toward creating learning progressions that meet the validation criteria in Table 2.  In general, we feel that the three learning progressions focusing on accounts (for carbon, water, and biodiversity) meet the criteria in the first two columns of Table 2, and at least the first criterion for empirical validation in the third column—all of the learning progressions are based on documented performances by students.  Our progress toward the other empirical criteria varies among the domains, and is documented on the individual posters.  We are not as far along on the challenging citizenship practices; in this case the poster documents issues that are central to our developing framework.  

The Learning Story: The Development of Students’ Knowledge and Practice

One of our major accomplishments is the development of a common framework for describing trends and levels of student achievement, presented briefly in Table 1, below, and elaborated in the posters and papers.  Current standards documents (e.g., National Research Council, 1996; NAEP Framework, 2006) generally expect Level 5 performances at the high school level.  Middle school standards are typically written around Level 4, and elementary school standards around Level 3. 

The papers and posters also describe important trends—aspects of student performances that change across levels.  Key trends include (a) increasing sophistication in reasoning across atomic-molecular, macroscopic, and large-scale systems, (b) increasing awareness of “invisible” parts of systems such as gases, cells, genes, and ground water, (c) increasing use of scientific tools and resources for description and pattern finding, and (d) increasing reliance on model-based rather than narrative accounts.

Our research indicates that reaching Level 5 Learning Performances is a major intellectual accomplishment. Younger learners (Level 2) perceive a world where events occur at a macroscopic scale and plants and animals work by different rules from inanimate objects (Inagaki & Hatano, 2002).  Gases are ephemeral, more like conditions or forms of energy such as heat and light than like “real matter”—solids and liquids (Wiser & Smith, in press).  Level 2 learners explain many phenomena in terms of “natural tendencies:” events such as water soaking into the ground, rain falling, or children resembling parents are expressions of the natural tendencies of those materials or organisms, and therefore not in need of more explanation.  

In contrast, Level 5 learners perceive a world of hierarchically organized systems that connect organisms and inanimate matter at both macroscopic and large scales using chemical and genetic models.  Solids, liquids, and gases are all mixtures of substances made of atoms, with chemical identities, and clearly distinguished from conditions and forms of energy.  Level 5 learners recognize that living and non-living systems are both made of chemical substances that follow the same rules at the atomic-molecular level.  Level 5 learners recognize conservation of matter, including conservation of atoms in chemical change, as a key constraint on all processes and make sense of matter-transforming processes as the movement or rearrangement of atoms.  Level 5 reasoning is important because Level 5 students have mastered the knowledge and practices needed to trace matter, energy, and information through the multiple processes involved in socio-ecological systems.  Level 5 reasoners can also account for processes at large scales and longer time frames, including global warming, evolution by natural selection, and ecological succession.

The intermediate Levels—Levels 3 and 4—describe how learners can manage this transformation in their reasoning. Level 2 students learned to distinguish objects from the materials of which they are made, but they can describe little of the internal structure of either materials or organisms (Carey, 1985). Level 3 reasoning about matter and life is itself a substantial intellectual accomplishment.  Students at this level begin to delve into the hidden mechanisms (including functions of organs) underlying visible life processes, and to recognize that the materials in food are incorporated into animals’ bodies.  Level 3 students also begin to follow water through changes of state, more successfully for changes between solids and liquids than between liquids and gases, and to recognize patterns of inheritance and variation in populations.

Table 3: Comparing Levels of Student Achievement for Carbon, Water, and Biodiversity Strands

	Level
	Carbon
	Water
	Biodiversity

	Framing Questions
	What happens to “stuff?” (matter)

What makes it happen? (energy)
	Where does water come from and go to?(water)

What is in water and how can that change? (materials in water)
	How are individuals and eco-systems alike and different? (structure and function)

How did they get that way? (change over time)

	Level 5: Qualitative Model-based Reasoning
	Qualitatively describes matter transformations during biogeochemical processes and conserves chemical substances.

Qualitatively describes energy transformations, including tracing sources back to resources and degradation.
	Uses models to trace water and materials in water along multiple pathways through systems at multiple scales.

Relates atomic-molecular models of solutions and suspensions to water quality and macroscopic and large-scale processes.
	Traces information through short and long term processes at both the population and ecosystem level. 

Considers multiple sources of variation, processes than maintain variation, and processes that reduce variation in natural and human-controlled systems. 

	Level 4: 

“School Science” Narratives
	Recognizes matter transformations at the atomic-molecular level but limited identification of chemical substances and confuses matter and energy.

Identifies energy sources and recognizes energy transformations, but rarely gets transformations right.
	Uses spatial visualization to trace matter through systems and explain mechanisms of flow. 

Associates water quality with dissolved or suspended materials, but not specific about chemical identity or atomic-molecular models.
	Recognizes many of the appropriate systems and processes that explain change over time in natural and human-controlled systems, but fails to connect the systems and/or processes in a manner constrained by scientific principles.

	Level 3: 

Events Driven by Hidden Mechanisms
	Recognizes mechanisms for events at a hidden scale; conserves matter for visible physical changes.

Recognizes energy sources such as foods, fuels, and sunlight, but does not distinguish between energy and other needed conditions or materials. 
	Recognizes that a mechanism is required to move or change water, but mechanisms provided do not account for limitations of processes or systems.

Associates water quality with conditions or non-specific materials (e.g., “chemicals”).
	Recognizes connections between micro and macro, and macro and large scale systems, but the mechanisms connecting those systems are explained by cultural narratives or embodied experience. Diversity in systems not considered in explanations of processes or change. 

	Level 2: Sequences of Events
	Describes observable changes in systems, but not attempt to conserve matter during those changes.

Uses triggering events, conditions, and needs to explain why things happen.
	Uses iconic visualizations and representations, usually about visible parts of systems, but does not recognize hidden mechanisms for events.

Characterizes water quality in broad terms—good or bad.
	Recognizes variation in systems where it is visible at the macroscopic scale. 

No connections made between small scale systems such as genes and large scale phenomena such as phenotypic variation.

	Level 1: Egocentric Reasoning about Events
	Explains why events involving changes in matter happen in terms of human needs and intentions.
	Explains what happens to water and water quality in terms of human needs and agency.
	Explain what happens to organisms, species or ecosystems in terms of human needs or natural tendency. 


Students at Level 4 have an increasing awareness of the hierarchy of systems, recognizing that organs function through cellular processes that are chemical in nature, though their limited understanding of atomic-molecular models and organic substances usually prevents them from successfully tracing matter through cellular processes or combustion.  They successfully follow water through all changes of state and recognize that most environmental water contains many other substances, though again they do not fully understand what those substances are or how they mix with water at atomic-molecular scales.  They recognize life cycles, heredity, and environment as sources of variation among individuals, though without recognizing the key role that genetic variability plays in population changes.  Thus we see that the intermediate levels set the stage for successful Level 5 reasoning, and that in the process students transform their conceptions of life and of matter at a hierarchy of scales.  

One other significant point is that very few students today are reaching the Upper Anchor. Furthermore, our research indicates that, even though Level 5 understanding is included in most state and national standards, relatively few students are achieving this level of understanding.  Most of our Level 5 responses came from students taking science courses in a Science and Mathematics Center designed for students with exceptional prior achievement in mathematics and sciences.  Among public school students we saw few responses above Level 4.  Even at the college level and among practicing science teachers, Level 4 responses to questions about cellular respiration were more common than Level 5 responses (Merritt, Wilson, & Mohan, 2008; Wilson, et al., 2006).  Thus, we are asking the American public to consider profound changes in their lifestyles on the basis of arguments from scientific evidence that they cannot understand. 

Returning to the Policy Story: Implications for Standards, Assessment, and Curricula

Work on learning progressions is important because learning progressions can bring science education research on student learning to bear on issues of science curriculum and large-scale assessment (Committee on Science Learning, 2007).  This project is unique in that we have collected a large data set over a multi-year period and used those data to develop a set of learning progressions that span a large grade range (about grades 4-10) for significant scientific domains.  

This work is also important because we develop a detailed argument about the future of the science curriculum that is grounded both in data and in arguments about the contributions of scientific knowledge to responsible citizenship.  We suggest ways of reconciling important scientific standards of rigor, impartiality, and argument from evidence with the importance of preparing our children for the socio-ecological issues that they will face as future citizens.  

We believe that this work, and other work on learning progressions, has implications for research, for development of standards and curricula, and for science curriculum and instruction.  

Implications for research: Testing the learning progression hypothesis.  We believe that this work and other work on learning progressions provides an important test of the learning progression hypothesis—the idea that it is possible to develop large-scale frameworks that meet research-based standards for theoretical and empirical validation.  We have further suggested specific criteria for theoretical and empirical validation (Table 2), and we have evaluated our progress toward meeting those criteria for these learning progressions.  As we and other research groups continue to develop and validate learning progressions, we are exploring the nature and limits of the learning progression hypothesis.  We know that learning progressions will never be universally applicable, but we are optimistic that we can develop empirically validated models of learning and assessment that will provide important frameworks for research and development.

Implications for curriculum and teaching: Reaching Level 5.  In our work, we have realized that the K-12 science curriculum does a reasonable job of getting students from Levels 1, 2, and 3 to Level 4 accounts of the structure of systems and tracing matter through processes in those systems.  By Level 4 students can give relatively coherent accounts of processes in single systems and name several materials involved in those processes. For passing current standardized science assessments, this level of understanding is often sufficient. 

As we have argued above, however, Level 5 understanding is essential for students to evaluate evidence-based arguments and participate knowledgeably in responsible citizenship.  They will not achieve this understanding without sustained, well-organized support from schools and science teachers.  A conceptually coherent and empirically validated learning progression can be a critical tool for developing curricula and teaching materials.  

Implications for development of standards and assessments: The importance of an iterative process.  We also believe that this work suggests a worthwhile alternative to current procedures for developing standards and large-scale assessments.  Standards and assessments are currently developed through a linear process: Standards are developed and finalized, then those standards are used as the basis for assessments and curricula.  If assessment development suggests ways that the standards can be improved, it’s too late; the standards will not be revised for at least several years.  In contrast, learning progressions are developed through an iterative process of design-based research, where the results of the assessments are used to revise frameworks, and vice versa.  

The potential of learning progressions to transform standards, curricula, and assessments for the better depends on our commitment to develop learning progressions with all of the qualities described in Table 2: conceptual, coherence, compatibility with current research, and empirical validation. Laurel Hartley, an ecologist who is participating the biodiversity research strand, suggests an analogy between the development of learning progressions and the development of ecological models: 

[We can make] parallels between a learning progression and an ecological model.  The steps seem very much the same in that 1) you start with some initial information and you create a framework or model that you think is an accurate representation of how things really are, 2) then you make predictions based on your model and you "ground-truth" those predictions by seeing if what your model predicts is what happens in actuality, 3) then you use that new information about how well your model worked to further refine the parameters of your model, 4) then you ground-truth and adjust parameters again and again until your model becomes a satisfactory representation of reality.  In ecology, you can use a good model to predict future events before they happen or to generate reliable approximations about a system without having to take a ton of expensive, time-consuming field measurements.  In science education, a good model can help teachers predict the development of their students' understanding over time and it can help a curriculum writer or assessor to create developmentally appropriate material in a more efficient way. (Hartley, personal communication, 2/14/08)

The learning progression hypothesis suggests that, as Dr. Hartley argues, a good model can be a powerful thing in education as well as in ecology.  We can’t create good models, though, just by developing conceptually coherent frameworks and using them.  The model gains both power and validity through “ground-truthing”—the painstaking process of empirical validation. 

Our best opportunities for truly productive dialogue between researchers and developers can be found this iterative process of development and empirical validation.  A conceptually coherent framework is an important step as the first draft of a learning progression.  If researchers and developers can use that framework to develop assessments and teaching experiments, then use the results of those assessments and teaching experiments to revise the framework, then we will be on our way to empirically validated models that can guide practice in new and more powerful ways.
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Appendix: Descriptions of Posters
Descriptions of each poster and accompanying paper are included in this section, arranged according to the three strands for accounts described above—carbon, water, and biodiversity—and citizenship practices.  

A Learning Progression for Carbon in Environmental Systems

The symposium will include three posters and papers focusing on carbon and carbon cycling.  Each poster is described below.

1. Developing progress variables for the Carbon Cycle,  by Karen Draney, Jinnie Choi, Yong-Sang Lee, and Mark Wilson
We discuss the development of progress variables.  These progress variables define our learning progression of students' conceptions of the generation, transformation, and oxidation of carbon in coupled human and natural systems.  

A progress variable is used to represent a cognitive theory of learning grounded in the principle that assessments be designed with a developmental view of student learning. This means that the underlying purpose of assessment is to determine how students are progressing from less expert to more expert in the domain of interest, rather than limiting the use of assessment to measure competence after learning activities have been completed. Generally, we want to describe a continuum of qualitatively different levels of knowledge from a relatively naïve to a more expert level.

The major progress variables we discuss in this poster include "Tracing Matter" and "Tracing Energy."  We describe in detail the tools and processes we have used to develop the hierarchies for our progress variables, including:

· Analysis of student responses to individual items related to each progress variable.

· Selection of exemplar responses to represent each level of each progress variable.

· Multiple scoring of selected response sets, and group discussion to resolve any scoring discrepancies.

· Analysis of selected student interview data.

Special attention will be paid to a series of data analyses from sets of items relating to the progress variables.  These analyses will be conducted using item response modeling techniques.  We will display a number of empirical maps resulting from these analyses, and discuss how they relate to our theoretical progress variables, and what we learn from them.

2. Developing a K-12 Learning Progression for Carbon Cycling in Socio-Ecological Systems, by Jing Chen, Lindsey Mohan, and Charles W. Anderson
We discuss students’ conceptions of the generation, transformation, and oxidation of organic carbon in socio-ecological systems. We focus on students’ accounts of matter cycling and tranformation in biogeochemical processes. 

We initially developed an Upper anchor framework organized around model-based accounts of carbon cycling, based on current national standards and research. The Upper anchor represented what we saw as a conceptually coherent understanding about carbon-transforming processes achievable by high school students. The Lower Anchor was based on our experience and reading of research about the reasoning of elementary school students.  

We used 60 student responses on 14 open-ended assessments items that required explanation about matter cycling during metabolic processes in living systems (e.g., Where does the mass of a tree come from? When a dead tree rots, where does the matter go?) and combustion in human-engineered systems (e.g., What happens to a match when it burns? When a gas tank is empty, what happened to the gasoline? Where did it go?). Similarly, we conducted interviews with 34 students that required the students to group seemingly separate events (e.g., plant growing, child running, tree decaying, candle burning, etc.) and explain their decisions about the groups they formed. 

Through an iterative process of developing and administering assessments, we identified Levels of Achievement. The Levels described patterns in the way students made progress toward Upper anchor understanding. Younger learners (Level 2) perceive a world where events occur at a macroscopic scale and plants and animals work by different rules from inanimate objects (Inagaki & Hatano, 2002).  Gases are ephemeral, more like conditions or forms of energy such as heat and light than like “real matter”—solids and liquids. Students allow matter to appear or disappear without attention to conservation (e.g., Level 2: trees just grow because that’s how it is), may only trace observable materials (e.g., Level 3: trees grow because they take in water and soil). Level 5 learners perceive a world of hierarchically organized systems that connect organisms and inanimate matter at both macroscopic and large scales using chemical models. Students who achieved Level 5 recognize that cells and chemical substances follow chemical rules, which are used to constrain the accounts matter transformations through processes.
Our data indicate that science education does a reasonable job getting students from Levels 1, 2, and 3 to level 4 accounts. However, only Level 5 students can explain how carbon moves among the atmosphere, biomass, and fossil fuels, and we observed few instances of these accounts . We discuss the critical transition that needs to occur between Level 4 and 5 reasoning and the implications for assessment and curriculum development. 
3. Developing a Learning Progression for Energy in Environmental Systems, by Hui Jin and Charles W. Anderson
In this research, we seek to develop a learning progression, which describes a possible learning trajectory from informal reasoning towards scientific model-based reasoning about the issue of energy consumption causing global warming. The learning progression has three parts: upper anchor, intermediate levels, and lower anchor. Each part contains several levels of achievement. 

The upper anchor is described as the Loop Diagram, which presents a way of scientific model-based reasoning. Various macroscopic environmental events (e.g., growth, breathing, eating, moving, burning, etc.) collectively result in the interactions among physical, biological, and socio-economical systems at large scale. All of the macroscopic events as well as their large-scale effects are determined by three key atomic/molecular processes: 

· Organic carbon generation & harnessing energy in photosynthesis; 

· Organic carbon transformation & energy passing on in digestion and biosynthesis; 

· Organic carbon oxidation & energy dissipating in cellular respiration and combustion. 

A scientific model-based reasoning should successfully trace energy within and across these processes. In particular, it involves two aspects of understanding: 

· Tracing energy separately from matter 

· Tracing energy with degradation 

Intermediate Levels describe students’ reasoning resulted from the intersection of their intuitions and current school science. Lower Anchor is about students’ naïve causal reasoning when they enter schools. To develop lower anchor and intermediate levels, we conducted written assessments and interview with students from upper elementary to high school. Our data indicate that, students at the lower anchor (Levels 1 and 2) locate Agency at organism level. They recognize that living things have Agency and thus are capable of self-initiated or self-maintained activities, but explain a variety of bodily functions such as breathing and digestion in terms of life requirement of organisms. Students also tend to rely on natural tendency to account for environmental events. At intermediate levels (Levels 3 and 4), students begin to use energy to account for events. However, while the scientific notion of energy highlights using energy as constraint, students at Level 3 tend to see energy as a ubiquitous resource that causes events. Level 4 students attempt to use scientific principles, energy conservation and matter conservation, to constrain processes. However, they usually cannot distinguish between matter transformation and energy transformation or recognize degradation associated with energy transformation. (e.g. In cellular respiration, glucose is turned into energy for human body movement.)

Our data show that less than 10% of high school students achieved Level 5, the lowest level at which students can explain how energy constrains socio-ecological processes. This indicates that current K-12 teaching fails to provide effective facilitation for students to use energy as a conceptual tool to analyze socio-ecological issues.  We suggest implications for curriculum, assessment, teaching, and standards.  

A Learning Progression for Water in Environmental Systems

Three posters and papers focus on students’ accounts of water in environmental systems. 
4. A Learning Progression for Processes that Move Water through Socio-Ecological Systems, by Kristin L. Gunckel, Beth A. Covitt, Hasan Abdel-Kareem, Rebecca Dudek, Charles W. Anderson
Students as young as second grade learn about the water cycle in school. They can often draw the iconic water cycle picture with arrows showing water evaporating from oceans, condensing into clouds, precipitating on the mountains, and flowing in rivers back to the ocean. Yet, by high school, few students can use an understanding of the processes that move water through and among the interconnected natural and human systems to analyze and make decisions necessary to maintain a sustainable supply of fresh water. This poster presents work on developing a K-12 learning progression that will support students in becoming environmentally literate citizens who understand how water moves through coupled human and natural systems. 

Developing a Learning Progression

The development of this learning progression has involved three years of iterative design research. We began by developing an upper anchor framework that describes what environmentally literate citizens should know about water moving through connected systems. We aligned our framework with current disciplinary knowledge of water in environmental systems. We then designed assessments for 2nd-12th grade students to elicit their understandings about water in environmental systems. We also conducted extended interviews with a sample of students to better understand their ideas. Our analysis of these data helped us identify levels in student progress toward upper anchor understandings. We used research on student learning to inform our analyses of student responses and the development of progress variables and levels of achievement. The results of each round of assessment and analysis has informed refinement of the upper anchor, revision of the assessment questions to elicit more specific information about student thinking, and revision of the progress variables and levels of achievement. 

The learning progression presented in our poster is conceptually coherent and compatible with current research. We are in the process of empirically validating the learning performances, levels of achievement and progress variables. The learning performances presented on our poster represent actual student responses. Our current data analysis is focusing on validating student responses across different questions and progress variables. 

The Upper Anchor

The upper anchor of our learning progression describes what environmentally literate citizens should know about water moving through connected systems. Such citizens understand that water moves through connected systems along multiple pathways. They understand the structure of the systems and how the systems connect to each other. Importantly, they understand where water used for human purposes comes from, and where it goes when people are done using it. They can also envision the structure of systems and connections among systems at landscape scales (i.e. watershed boundaries), as well at micro-scales (i.e. pore spaces in aquifers). Environmentally literate citizens understand the processes that move water through connected systems. They can trace water as it evaporates, transpirates, condenses, precipitates, infiltrates, and runs-off. Furthermore, they can describe these processes at the atomic-molecular scale. The upper anchor of our learning progression expects citizens to be able to use model-based reasoning to qualitatively and quantitatively describe water moving through connected systems.

The Learning Progression

Our poster presents the most current version of the learning progression. This learning progression is related to and complementary to the learning progression for processes that alter water quality presented in another poster at this session. For this poster on water moving through connected systems, progress variables include understanding the structure of systems and understanding the processes that move water through connected systems. Because upper anchor understanding of processes requires understanding of structure of systems, the example questions in the learning progression on the poster track both structure and process progress variables.

Student responses show that at lower levels students recognize some natural systems and can trace where water goes in those systems, but do not recognize the need for a mechanism to explain how water moves. For example, when asked what happens to the water when a puddle disappears, a student at Level 1-2 provides a human-based or events-based narrative. “Water on the ground goes into the clouds one day.” In contrast, students reasoning at Level 5 provide a qualitative model-based answer that traces the water through several possible pathways in the atmospheric and groundwater systems, providing explanations and mechanisms for evaporation and infiltration at the molecular level. Spatial visualization is also important as students become better able to interpret maps and cross-sections to analyze systems and explain processes that move water through connected systems. For example, while all students recognize that water only flows downhill, students at lower levels may not be able to read a map to determine which direction is downhill. Students at upper levels can use a map to determine where water will flow and which towns in several watersheds a pollutant dumped in a river will contaminate. Although we are still working on determining the frequencies of student achievement for various grade levels, we can say from our current analysis that by high school, most students achieve Level 4 reasoning, but few are able to use Level 5 model-based reasoning to describe water moving through connected systems.
Trends in Student Thinking

Looking across student responses and progress variables, several trends become evident as students move from lower to higher levels of achievement. First, students become increasingly aware of both smaller scale and larger scale structures and processes. Students at upper levels are able to recognize the atomic nature of matter and describe what happens to atoms in the various processes that move water. They also recognize that water moves across landscapes and through continental-size. 

Second, students become increasingly aware of connections among systems. One important connection that becomes more visible to students as they progress through the levels of achievement is the connection between groundwater and surface water. Students at higher levels better understand the structure of both systems and how water can infiltrate both in and out of the two systems. Another important connection that becomes more visible to students is the connection between the human system and the natural system. Interestingly, this connection seems to be the most challenging to students and we are still working to determine at what level of achievement this connection becomes visible to students. This phenomenon may reflect lack of exposure to the human-natural system connections rather than a difficulty understanding the connection.

Implications

Work on this learning progression for water moving through environmental systems has several important implications for the current K-12 curriculum. First, the current curriculum is too fragmented to develop coherent understanding of the structure of systems and processes that move water through connected natural and human systems. Students may study phase changes in physical science and weather systems or groundwater in Earth science. However, rarely after early elementary are the two topics brought together to develop coherent model-based understanding of water in environmental systems. Furthermore, some aspects of the water cycle are not addressed in the curriculum (Dickerson et al., 2007; Shepardson et al., 2007). For example, watersheds are not included in the NRC National Science Education Standards (1996) or the AAAS Benchmarks for Science Literacy (1993). Most importantly for making connections among systems visible, students rarely explore human connections to the water cycle, where people get water, or what happens to water when people are done with it. 

The results of this work also suggest that students need more experiences working with water at multiple scales. Students need more experiences to explore structures and processes at the very small and at the very large scales.

Finally, one of the challenges students encounter is that they may understand the structure and process involved in moving water through one system well, but do not understand the structure of connected systems and therefore cannot trace water through connected systems along multiple pathways. Students need to learn about the structure of individual systems first (i.e. watersheds, groundwater, etc.) and then learn how the systems are connected. 

Future Work

This work is on-going. We have a new round of student assessments to analyze. We anticipate that this spring we will be able to validate the levels of achievement for this learning progression by analyzing responses from the same students across multiple questions and progress variables. In our next design cycle, we plan to conduct teaching experiments to validate student progress from one level the next.  
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5. A Learning Progression for Processes that Alter Water Quality in Socio-Ecological Systems, by Beth A. Covitt, Kristin L. Gunckel, Hasan Abdel-Kareem, Rebecca Dudek, Charles W. Anderson

Being literate about water in environmental systems involves more than just knowing about water.  Issues of water quality relate to substances that mix with, move with, and separate from water.  In other words, literacy about water in environmental systems assumes being able to connect understanding of water moving through environmental systems with understanding of mixtures and solutions.  This poster addresses students’ understanding of processes involving substances combining with and being separated from water.  These processes occur in human engineered systems (e.g., water pollution, water treatment) and natural systems (e.g., filtration through wetlands, materials moving into solution in groundwater). 

The development of this learning progression reflects several years of design-based research that has been conducted in concert with the research about water moving through socio-ecological systems.  Dividing water literacy into moving water and substances in water has helped us to refine the progress variables we are developing and examining.  Some of the understandings we are interested in are, to our knowledge, ones that have not been researched extensively in the past.  For example, although scholars have explored students’ understanding of groundwater systems (e.g., Dickerson & Dawkins, 2004), few scholars have explored students’ understanding of how substances in mixtures and solutions may or may not move through groundwater systems.  

Over the past three years, we have worked on our upper anchor framework of what environmentally literate citizens should know about and be able to do with respect to substances moving through coupled human-natural water systems.  In addition, we have designed and revised water assessments to administer to students in grades five through twelve.  Our ongoing analyses of student responses have helped us to define our lower anchor – or levels of understanding in our substances in water learning progression, and to identify student responses that fit within those levels.  We have grounded our work, to the extent possible, in research such that our learning performances and levels of achievement are conceptually coherent with respect to water science and chemistry of mixtures and solutions.  We are working to empirically validate the learning progression in the following ways.  First, our individual learning performances represent actual performances of real students (our work is grounded in student data). Second, upcoming analyses will validate levels of achievement for individual students across questions to validate that students are likely to be consistent in which learning progression level they are at across different questions.  In addition, we will examine the frequency of different level responses for students who are in elementary, middle and high school.  Finally, future work will validate the learning progression using pre-post teaching experiments to examine how instruction may help students progress to higher levels of understanding and practices.      

Results thus far show several patterns of developing understanding related to scale, chemical identity, and tracing matter.  

Scale: Levels one and two students focus on the macroscopic scale and visible objects. Through increasing levels, students develop understanding that atoms & molecules exist, that they have certain properties, and that they interact in certain ways.  Level three students may talk about atoms and molecules, but they may characterize these simply as small particles – water molecules are bits of water. At highest levels, students use atomic-molecular models (e.g., salt water) to explain macroscopic & large scale phenomena (e.g., why rain is not salty near the ocean).
Chemical Identity: Levels one and two students often identify objects not substances (e.g., water pollution is “trash”).Through increasing levels students traverse through vague identification of substances mixing with water (e.g., undifferentiated or vague reference to chemicals, pollutants, atoms or molecules), then common/popular chemical identification (e.g., “chlorine”), through identification that demonstrates atomic-molecular level awareness of the properties of different substances (e.g., “Na+, Cl-, appropriate diagrammatic representations).
Tracing Matter: For levels one and two students, matter that you cannot see no longer exists.  For example, when salt dissolves in water, a level two student may say that the salt disappears because the salt crystals can no longer be seen. Level three students begin to understand mixtures, but cannot differentiate movement of substances in solutions versus suspensions, or trace separation of substances through evaporation.  Thus, a level three student may believe that substances in suspension such as mud, dirt and algae will move through the groundwater and into a well with the water. A level three student might also believe that given a salt water solution, salt will evaporate with the water.  Level four students demonstrate growing understanding of how substances in solutions and suspensions move within and between water systems.  In tracing water through the ground, level four students begin to differentiate between movements of substances in suspension versus those in solution.  They also begin to understand that substances in solution generally will not evaporate with water.  However, level four students may still have confusion about behaviors of volatile substances with respect to evaporation.  Few students provided a Level 5, atomic-molecular scale description of substances combining with or separating from water.   

Thus, even as students learn more about water mixing with other substances, they have difficulty mastering atomic-molecular level explanations, and connecting atomic-molecular explanations with macroscopic observations.  Connecting atomic-molecular explanations of mixtures and solutions with real world water contexts is important for making informed decisions.  For example, citizens need to reason about what types of water treatments will remove which types of harmful substances.  The recent E. coli contamination of spinach that affected the nation is one vivid example of such an instance.  

Currently, instruction about water in environmental systems often focuses on just water. In contrast, water education that supports environmental science literacy needs to actively integrate learning about water in environmental systems with learning about mixtures and solutions.  Furthermore, effective instruction for developing environmental literacy needs to address connected water cycle and mixtures/solutions processes at the atomic-molecular scale.
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6. Comparing Palestinian and American Students’ Accounts of Water in Environmental Systems, by Hasan Abdel-Kareem and Charles W. Anderson
In addition to other critical environmental issues such as global warming and its relevant consequences, fresh water sustainability is one of the most significant concerns for our planet. Thus, environmental literacy, which means the capacity to participate and reason effectively in the ongoing debates about socio-ecological issues, should become a priority in schools’ science curricula. Environmentally literate citizens not only are knowledgeable about factual consequences about the water cycle, but they also are aware about the fact that the cumulative effects of their personal practices may influence polices regarding water quality and availability. This poster reports on a study comparing two groups of learners in terms of their understanding of the water cycle. We are comparing how two groups of American and Palestinian students understand concepts and processes related to water systems. 
Two different contexts

Our study was conducted in two different contexts; Michigan and Palestine. These two locations are environmentally and culturally different. Unlike in Michigan, where the American students are located, water resources in Palestine are scarce and limited. Consequently, having drinking water available over the summer is a real challenge.  Furthermore, the Palestinian students, especially in the West Bank, rarely experience surface water such as rivers, lakes, or ocean. On the other hand, water availability in Michigan, the home of the Great Lakes, does not seem problematic. Students in this environment have many direct experiences with surface water.   

The groups are also different in terms of their socio-political contexts. In the Palestinian Territories, access to water and water resources management are vivid examples of how environmental issues may turn to political conflict. There is an ongoing conflict between the Palestinians and the Israelis over “whose water is this.” In fact, the water problem is one of the issues that have been put on the negotiation table between the Palestinians and the Israelis. In addition to issues like Jerusalem, borders, settlements, and refugees, the water problem has been postponed to the final stages of talks. This might signify the importance of addressing water as a central subject for environmental literacy from a global point of view. In spite of these differences, school curricula in Palestine and Michigan address water cycle related topics.      

Our study

Our main goal in this study was to understand how those two different groups reason about concepts and processes associated with the water cycle. 
Assessment: For this purpose, we designed an assessment that addresses many of these concepts
. The test addressed three main areas. The first part, which included multiple choice and short free-response questions, focused on factual knowledge of water systems such as the distribution of water and using water for daily life activities. The second part focused on learners’ reasoning about scientific representations of the water cycle. For example, we asked participants to draw representations of the water cycle and of the watershed of a river.  The final group of questions asked students to trace water through human and natural engineered systems. The test was translated into Arabic. 

Participants: Around 1000 students from upper elementary, middle, and high school participated in our study. Those students were distributed among 20 schools in Michigan and Palestine.  What we report in this poster are some initial results from a representative sample from the high school level.      
Results 

Our initial analysis shows common trends in the Palestinian and American students’ accounts with respect to their understandings of the water cycle. These were mainly in areas that reflect the formal school science curricula. Namely, participants’ responses to factual items and scientific representations questions were to some extent similar. However, participants’ location and culture played an important role in how students reasoned about water issues. Following are some examples of those two kinds of results.

A) More than 90% of the American and Palestinian students know that around three fourths of earth surface is covered by water. However, when it comes to the fresh water availability, less than 20% of them realize that only 3% of water is fresh. Interestingly, the majority of the Palestinian students (around 82%) think that most fresh water is located underground, whereas 60% of their American peers know that most fresh water is located around the Poles in icecaps and glaciers. This is an indicator how local experience can influence participants’ reasoning about water systems.

Other examples show how the two groups were similar is their treatment of scientific representations.  We asked students to draw what it looks like in terms of ground water and drawing the boundaries of watersheds. The majority of participants (around 78% of the American and 82% of the Palestinian students) imagined that ground water is stored in layers, rivers, or human-made containers. Very few of them were able to draw an accurate picture that shows water in spaces and cracks in rocks and sediment.  The two groups also struggled when asked to draw watershed boundaries for a river and it tributaries. In fact, the majority of students did not respond to this question, probably indicating that they do not understand what “watershed” means. 

B) We also saw evidence that environmental crises, such as drinkable water quality and its availability, are understood locally in spite of their global dimension. In addition to how participants from each group located fresh water, there are other examples that reinforce this claim. The American and Palestinian students responded different to questions asking them to trace water through human and natural systems or about water problems in their societies. For example, we asked participants to trace water before and after it comes to their showerhead. Our findings show that water treatment plants, recycling water, and connecting natural and human engineering systems were more vivid to the American students than the Palestinians. Around 20% of the Palestinian students thought that water would be treated before it comes to home. However, around half of the American participants indicate that water would be treated before and after home.    
Implications

A. Out of sight out of mind: The majority of participants, regardless of their location, were not able to visualize some invisible parts of the water cycle (i.e. underground water). Additionally, participants show insufficient translation of two dimensional maps into real systems, such as the water flow in watersheds. Thus, science teachers and curriculum designers should keep these difficulties in mind in order to engage learners in such tasks.  
B. Local culture & global aspects of environmental literacy:  There is a vivid difference in how the two groups traced water through natural and human systems. Our work suggests that although many environmental problems are seen as global, learners’ locations and cultures play a significant role in their understanding. 

C. Environmental crises or political struggle?  In the Middle East water is called “the blue gold” because it is scarce and very limited. Water resources management is one of the main complicated issues in the Palestinian – Israeli conflict. In fact, this is also valid in other places where environmental problems and politics go hand in hand. Consequently, environmentally literate citizens’ participation in decisions and arguments about the place they live and the water they drink becomes essential.   
A Learning Progression for Biodiversity in Environmental Systems

7. The Development of a K-12 Learning Progression for Biodiversity in Environmental Systems, by Josie Zesaguli, Edna Tan, Blakely Tsurusaki, Brook Wilke, Laurel Hartley and Charles W. Anderson
This poster describes an Upper Anchor, which is the goal for environmental literate high school graduates, as a modified loop diagram, which shows the relationship between environmental systems and human social and economic systems, that are joined by an impact and an ecological services arrows. The goal of this phase of the environmental science literacy research project is to adopt an iterative approach, in order to test and refine learning progressions that were developed previously for biodiversity in environmental systems. For this poster, we assessed, in particular, students’ understanding of the phylogenetic and ecological connections at the mechanism or smaller scale of individual organisms and at the contextual larger scales within populations, communities and ecosystems. We created assessment items based on real-life socio-ecological scenarios in three systems: a farm, a forest, and a park. Three tests were then compiled by combining the items on of different scenarios pairs to make the Park and Farm, Park and Forest, and Farm and Forest Tests. Consenting elementary, middle and high school teachers administered all three tests in each class to their students in urban, suburban, and rural schools, in Michigan.

Most students gave interesting responses attributing variations among individuals within a population to be due to genetic, environmental, or life-cycle factors, but not to the interactions among those factors.  Few students mentioned genetic variability or selective breeding in their accounts of population change over time.  For example, students did not mention selective breeding practices in their accounts of variability among dog breeds.  Similarly, few students mentioned variation or selection in accounting for insects’ developing resistance to pesticides.  Few students seem to see the relationship between genetic diversity and the ability of a population to withstand ecological perturbations such as disease outbreaks.

We asked students several questions about what would happen to communities after cessation of a chronic disturbance such as farming.  Most students thought that human-managed communities would indeed change after they were abandoned by humans.  Many students suggested that the community would revert to its “natural” state,  but they gave few descriptions of what the natural state would look like.  Their views about the natural state were compatible with the classic views of Frederic Clements regarding climax communities.  Student answers did not include descriptions of the mechanisms (e.g. seed dispersal, competitive exclusion) by which community composition changes or the relationship between community composition and abiotic factors (e.g. climate, soil type). 

Few students had reached Level 5, giving precise model-based accounts that were constrained by principles and included the invisible hidden processes such as selection. The results indicate that students, given information about one part of the “Loop diagram,” showed a limited ability to use that information to explain and make predictions about the other parts of the loop. Implications of these findings for science curriculum development, instruction and assessment will be highlighted. 

A Learning Progression for Practices of Environmentally Responsible Citizenship

8. Students’ use of family, individual and school-based resources for making socio-ecological decisions, by Blakely K. Tsurusaki, Edna Tan, Beth A. Covitt, Charles W. Anderson
Socio-ecological issues confront us with a need to make decisions associated with arguments from evidence under circumstances where both the decision and the evidence are contested. This manuscript describes work investigating how students make socio-ecological decisions that reflect on their environmental science citizenship.  We developed two interview protocols concerning how students reason about environmental issues: a strawberry interview that asked students to activate their role as consumers of food, and a water interview that presented a scenario about a company interested in drilling a well that asked students to make a decision as a voter. 22 interviews were conducted with a mixed cohort of elementary, middle, and high school students.  Our aim was to investigate what resources students draw on as they reason about and make socio-ecological decisions.  Such an investigation has implications for how the school science curriculum can be tailored to better support the development of environmentally literate citizens.  For example, the resources that students are found to intuitively draw on can be integrated into science instruction to help students develop more salient and connected understanding of socio-ecological issues.  In turn, we hypothesize that if the students’ understanding of environmental issues were grounded in their funds of knowledge, they would be more ready to use this comprehension as they made personal (e.g., consumer) and societal (e.g., voter) decisions.

Conceptual Framework

We used two frameworks to examine the resources that students drew on as they talked with us.  First, we used the “Loop Diagram for Environmental Science Literacy” developed by the Long Term Ecological Research (LTER) Planning Committee (2007) to examine the structure of students’ understanding of connected human and natural systems (see Figure 1).  

We were particularly interested in where the students placed themselves within the loop diagram (e.g., talk about how their actions impacted environmental systems and/or about how environmental systems provide ecosystem services to them, as consumers).  

The second framework is a cultural-historical approach to learning (Gutiérrez & Rogoff, 2003, p. 21), which focuses on “people’s history of engagement in practices of cultural communities.”  Gutiérrez argues that, “educational practices are constituted through the junction of cultural artifacts, beliefs, values, and normative routines known as activity systems” (Gutiérrez, 2002, p. 313).  Through examining these activity systems, Gutiérrez suggests we can learn how forms of participation may be connected to cognitive forms that individuals draw on to carry out cognitive and social functions (for example, we would argue, carrying out cognitive and social functions of socio-ecological decision-making).  Drawing on these two frameworks, we analyzed the interviews to describe the students’ participation in the scenarios, including the roles or identities they adopt, the familial and school (environmental science) funds of knowledge they draw on, the types of agency they manifest and the decisions they make.     

Methods (Think Aloud Interviews Related to Two Scenarios)

We developed interviews that will help us ascertain how students understand and engage in citizenship issues.  The interviews focused mostly on issues that we defined in advance.  We presented students with tasks or issues and investigated how the students reasoned about their choices (see Appendix for think aloud interview protocols). 

Strawberry Citizenship Interview: Thinking and Making Decisions about Purchasing Strawberries.  The strawberry citizenship interviews consisted of general background questions about their roles as consumers and learners, interest in science, and knowledge of environmental issues.  The students were also asked to complete two ordering tasks.  First they were asked to order various food products from what they deemed most nutritious to least nutritious.  This task positioned students as consumers and focused on environmental systems services (LTER, 2007; Anderson, 2007).  Next, they were asked to order the same food products from what they thought was most environmentally friendly to least environmentally friendly.  While the first task focused on the environmental system services, the second task focused on the human actions with environmental impact.  In both ordering tasks, they were asked to explain why they ordered each product as more or less nutritious/environmentally friendly than other products.

Water Citizenship Interviews: Thinking and Making Decisions about a Proposed Water Bottling Venture.  The water citizenship interviews had several parts.  First, the students were asked some general questions about how people use water, how they personally use water, preferences for drinking bottled versus tap water, and their understanding of environmental impacts of different uses of water.  Next, the students were introduced to a true scenario about a company that would like to build a new well in Michigan to enlarge their water bottling business.  After being introduced to the scenario the students were first asked some questions to find out how they understood the science around the scenario.  Next, the students were asked some questions about how, as citizens, they would respond to the water bottling issue.  In the course of the citizenship section of the interviews, the students were presented with some additional information from different stakeholders.  The students could use the additional information to inform their positions and decisions with regard to the issue.

Key Findings and Implications

· Relationship between identities and students’ decisions

· Students who had identities and family practices closely related to decisions were more knowledgeable about the loop diagram

· Students who displayed a stronger connection to the role exhibited more agency

· Variability in students’ understanding and use of evidence from arguments

· Students had varying degrees of understanding of environmental systems, social systems, and how human actions and environmental system services connect environmental and social systems

· Students with less understanding of the loop diagram were less likely to respond to or use arguments from scientific evidence

· Limited role of school

· Students rarely drew on their school science knowledge during the strawberry interviews

· Students drew on their incomplete knowledge of water systems to varying extents

· Schools are not effectively helping students to develop skills and knowledge necessary to make environmentally responsible decisions
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� 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.


� There are developers who have worked hard to incorporate research results into their frameworks, notably AAAS Project 2061 (AAAS, 1993).  Their frameworks, however, have used research results rather than adhering to research standards for coherence and empirical validation.


� In this project we are developing a learning progression extending from upper elementary school through high school, focusing on key biogeochemical processes in socio-ecological systems at multiple scales, including cellular and organismal metabolism, ecosystem energetics and carbon cycling, carbon sequestration, and combustion of fossil fuels.  These processes: (a) create organic carbon (photosynthesis), (b) transform organic carbon (biosynthesis, digestion, food webs, carbon sequestration), and (c) oxidize organic carbon (cellular respiration, combustion).  All of these processes are included in current national standards.  The primary cause of global climate change is the current worldwide imbalance among these processes.


� As discussed above, the learning progressions are built around accounts of processes in socio-ecological systems as the unit of analysis:.  The three parts of this phrase each have significance:


Accounts: in focusing on accounts we are deciding to look at students’ language, particularly accounts or stories about environmental events.  This unit of analysis can hopefully allow us to make comparisons among accounts of the same or similar events for students of different ages and backgrounds.


Processes: focusing on processes emphasizes the dynamism of the systems we are interested in.  We want to see how students explain events, not just properties of the systems themselves.


Socio-ecological systems: We are interested in the environmental systems box and the two arrows of the loop diagram (Figure 1), as well as the hierarchy of systems at different scales.


� Examples of these teaching strategies include the following:


Cognitive apprenticeship in scientific practices: Students need specific practice in goal Learning Performances with appropriate scaffolding (Collins, Brown, & Newman, 1989).


Making the invisible visible: Students at the lower Levels of Achievement simply are not aware of many aspects of carbon transforming processes, such as gases, energy, hidden mechanisms, and chemical connections between the living and non-living worlds.  Some teaching resources will use hands-on experiences, thought experiments, and simulations to make those entities visible and consider their roles in the processes.


Developing precision in measurement and description and seeing patterns based on systematic and precise observation.  This includes both qualitative and quantitative dimensions.  Qualitatively, teaching resources can help students identify and classify matter and energy, material kinds, types of energy sources, and chemical identities (Jin & Anderson, 2007; Mohan, Chen, & Anderson, 2007).  Quantitative measurements of weight, volume, and density can play a key role in transitions from Levels 2 to 3 and 3 to 4. (Wiser & Smith, in press; Snir, Smith, & Raz, 2003). 


Using chemical models as a unifying framework: The teaching resources will also include meta-level discussions of the nature and power of scientific models and specific practice in using atomic-molecular models to interpret phenomena at the macroscopic and larger scales (Smith, et al., 2006).  


� Kristin L. Gunckel, Beth A. Covitt & Rebecca Dudek have participated in developing this version of the water assessment.  
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