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I. The Forest: Three Stories about the Development of Learning Progressions

A policy story concerning the implications of research on learning progressions for environmental science literacy on standards, assessments, and curricula. 

A research story, about the iterative process of developing and validating a learning progression.  

A learning story about how children can develop understanding and responsible citizenship in a complex and important domain: Processes that transform carbon, water, and biodiversity in socio-ecological systems.

A. The policy story: Environmental science literacy as understanding processes in socio-ecological systems

One measure of science literacy: The ability to understand and critically evaluate scientifically-based arguments about socio-ecological issues, such as the reports that won the 2007 Nobel Peace Prize: The reports from the Intergovernmental Panel on Climate Change (IPCC) and Al Gore’s An Inconvenient Truth.  

Quote from the IPCC report:

[Evidence for anthropogenic change] Atmospheric concentrations of CO2 (379ppm) and CH4 (1774 ppb) in 2005 exceed by far the natural range over the last 650,000 years. Global increases in CO2 concentrations are due primarily to fossil fuel use, with land-use change providing another significant but smaller contribution… 
There is very high confidence that the net effect of human activities since 1750 has been one of warming. {2.2} (IPCC, 2007, p. 4)

….

[Projected future effects] 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)

Quote from ESA position statement on biofuels:

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.
Question: Are these statements only for the experts, or do members of the general public need to be able to understand them—and counterarguments against them?

Transcript from George Stephanopoulos interview with Hillary Clinton (ABC News, 5/4/08):

CLINTON: But this gas tax issue to me is very real, because I am meeting people across Indiana and North Carolina who drive for a living, who commute long distances, who would save money if the oil companies paid this $8 billion this summer, instead of it coming out of the pockets of consumers.

STEPHANOPOULOS: Economists say that's not going to happen. They say this is going to go straight into the profits of the oil companies. They're not going to actually lower their prices. And the two top leaders in the House are against it. Nearly every editorial board and economist in the country has come out against it. Even a supporter of yours, Paul Krugman of The New York Times, calls it pointless and disappointing.

Can you name one economist, a credible economist who supports the suspension?

CLINTON: Well, you know, George, I think we've been for the last seven years seeing a tremendous amount of government power and elite opinion basically behind policies that haven't worked well for the middle class and hard-working Americans. From the moment I started this campaign, I've said that I am absolutely determined that we're going to reverse the trends that have been going on in our government and in our political system, because what I have seen is that the rich have gotten richer. A vast majority -- I think something like 90 percent -- of the wealth gains over the last seven years have gone to the top 10 percent of wage earners in America.

STEPHANOPOULOS: But can you name an economist who thinks this makes sense?

CLINTON: Well, I'll tell you what, I'm not going to put my lot in with economists, because I know if we get it right, if we actually did it right, if we had a president who used all the tools of the presidency, we would design it in such a way that it would be implemented effectively.
Quote from Tom Friedman, New York Times, visiting Egypt (6/15/08):

From Shubra we drive into the desert toward Alexandria. The highway is full of cars. How can all these Egyptians afford to be driving, I wonder? Answer: The government will spend almost $11 billion this year to subsidize gasoline and cooking fuel; gas here is only about $1.30 a gallon. Sounds like a good deal for the poor — only the poor have no cars, and the fuel subsidies mean less money for mass transit.

Think about these numbers: This year Egypt will spend $6 billion on education and $3 billion on health care, far less than the subsidies for fuel. This is a terrible trap. The subsidies should have been phased out when food and fuel prices were lower. Now that they have soared, the pain of removing the subsidies would be politically suicidal. So education and health care get killed instead.

What does this say: People, and politicians, will ignore what the experts say if the message is painful and they don’t understand it. 
Understanding the arguments and counterarguments about socio-ecological issues starts with the basic ideas in Figure 1 below.  In general, current national K-12 standards include key ideas associated with the environmental systems box and the two arrows.

Figure 1: Structures and Processes of Socio-ecological Systems (Loop Diagram)
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B. The Research Story: Iterative design-based research leading to development and validation of learning progressions

General criteria for validity:

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.

Compatibility with current research: a learning progression should build on findings or frameworks of the best current research about student learning. 

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

Table 1: General Learning Progression Framework 

	Levels of Achievement
	Progress Variables

Types (e.g, different processes, different scales) and elements (e.g., life, matter, cause/energy, models) of accounts

	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
	

	1-2: Narratives based on informal cultural models/metaphors
	


Table 2: Criteria for Validity Applied to Specific Parts 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, considering all strands of scientific literacy
	· Progress from one Level to the next can be achieved through teaching strategies that directly address the differences between Learning Performances


C. The Learning Story: Developing Understanding and Responsible Citizenship, Grades 4-12

General categories of practice:

Inquiry: Developing accounts of processes in socio-ecological systems based on arguments from evidence.

Accounts: Narratives that explain and predict processes that combine general and particular knowledge, connected by informal cultural models or metaphors and/or scientific models.

Citizenship: Making decisions about environmental based on accounts and personal or social values. 

Focus on accounts: Moving from accounts based on informal cultural models to scientific model-based accounts is a complex and difficult intellectual achievement.  Much of our work to date has involved mapping out the nature and dimensions of this achievement.   Our work on accounts has focused on three strands of environmental science literacy:

Carbon: Processes that generate, transform, and oxidize organic carbon in socio-ecological systems 

Water: Processes that move and transform water, and substances in water in socio-ecological systems

Biodiversity: Processes that affect survival, growth, reproduction, and selection of organisms in sociao-ecological systems

For all three strands, we can see a progression in accounts around a common theme.  In each case, the lower anchor is force dynamic accounts (as described by Pinker and Talmy) in which events take place at macroscopic scale and involve the interplay among natural tendencies, enablers, and antagonists.  In each case, the Upper Anchor is multiple-scale scientific model-based reasoning.

Carbon.  The theme that connects all the carbon accounts is that they are about carbon-transforming processes in socio-ecological systems.  Lower Anchor accounts separate these processes into at least three different kinds of events:

· Events involving weight gain, weight loss, and metabolic processes in plants and animals are seen as resulting from the vitalistic natural tendencies of plants and animals to live and grow, with food, sun, and air as enablers.  Seeing these instead as chemical processes requires working down through the levels of internal organization in plants and animals—organs, cells, atoms and molecules

· Decay is a different kind of process, an expression of the natural tendency of dead things.  The shift here is to seeing decay as resulting from the actions of living things—decomposers—that are chemically similar to other consumers.

· Combustion is also different, and I’m not sure we have a good handle on it yet.  I’m very interested to see if the elementary interviews show a tendency of students to think of the flame as the protagonist, with “vitalistic” natural tendencies like those of plants and animals.

Water.  The theme that connects all the water accounts is that they are about the movement of water and materials carried by water through socio-ecological systems.  For this strand I think that students’ understanding of natural tendencies at the macroscopic scale may not be particularly problematic.  They know that liquid water runs downhill, that it is contained and channeled by impermeable materials, and that it is soaked up and stored by permeable materials.  The problems come when water moves “out of sight and out of mind” in large scale systems (e.g., groundwater, atmospheric water vapor).  Students also need to progress from seeing “pollution” or “water quality” as properties of water itself to seeing them as chemically identifiable substances mixed with water in particles of various sizes.

Biodiversity.  The theme that connects all the biodiversity accounts is that they involve organisms living through their life cycles (growth and reproduction) within multiple relationships defined by their niches and habitats, and subject to selection.  Lower Anchor accounts regard life cycles and expressions of the vitalistic natural tendencies of all organisms.  Adaptations are enablers, and predators and other threats are antagonists.  Organisms can respond to threats with adaptations.  Upper Anchor accounts regard organisms as having fixed genetic resources which enable growth and reproduction within the context of complex sets of relationships defined by their niches and habitats.  Although behavioral and physiological flexibility are adaptive traits that some organisms possess, the normal outcome of selection is death or failure to reproduce, not adaptation. 

II. The Trees: Details of Learning Progressions 

A. Types and elements of accounts

Each learning progression involves “families” of interconnected accounts of different types, each having common elements.  See Table 3 below for examples focusing on a specific ecosystem, in this case a Michigan forest.

Table 3: Michigan Forest Loop Diagrams for Carbon, Water, and Biodiversity

	Part of Loop
	Carbon
	Water
	Biodiversity

	Environmental System Service (Bottom Arrow)
	Absorbing and sequestering CO2
	Purifying water
	Efficiency in carbon and water services

“Insurance account” for future change

	Environmental Impact (Top Arrow)
	Carbon emissions and climate change
	Management of watersheds and ground water systems
	Climate change

Invasive species

(Harvesting)

	Large-scale Structures (Environmental Systems Box)
	Trophic levels

Detritus, soil carbon

Atmospheric CO2
	Watersheds (surface water systems)

Ground water systems
	Landscapes with:

--Genetic variability in populations occupying niches and habitats

--Species (i.e., genetic) diversity in ecosystems

	Large-scale Processes 

(These are usually fairly well balanced between creation and destruction in natural ecosystems)
	Processes that generate organic carbon: photosynthesis

Processes that transform and move organic carbon: food webs, digestion, biosynthesis, (human organic chemistry: plastics, etc.); carbon sequestration

Processes that oxidize organic carbon: cellular respiration in producers, consumers, decomposers; combustion of biomass and fossil fuels
	Processes that move & re-distribute water run-off, infiltration, transpiration evaporation, condensation, precipitation, groundwater pumping, water diversions, etc.

Processes that alter water composition

Adding materials: erosion, dissolution, point & non-point source pollution

Removing materials filtration, wetlands chemistry, water treatment processes
	Evolution: Population stability:

Balance among:

Processes that create genetic variation (mutation, sexual recombination)

Processes that sustain variation (survival and growth of individuals)
Processes that reduce variation (natural and human selection

Succession: Community Stability: 

Balance among:

Processes that create species diversity  (colonization by new species)

Processes that sustain diversity (survival and growth in stabile niches)

Processes that reduce diversity (local extinction of populations)

	Macroscopic Structures
	Individual organisms: producers, consumers, decomposers

Detritus, soil carbon

Atmospheric CO2
	Surface water (ponds, streams, wetlands)

Ground water (springs)

Soils (more or less permeable)

Vegetation
	Individual organisms in:

--Niches defined by interactions with other organisms

--Habitats defined by interactions with non-living environment

	Macroscopic Processes
	Growth of plants and animals (generation and transformation of organic carbon)

Metabolism, decay , combustion (oxidation)
	Moving water: Precipitation, evapotranspiration, infiltration (2-way process), runoff

Materials in water: weathering, erosion, sedimentation
	Individual life cycles in niche and habitat, including:

Survival and growth in (using fixed genetic resources within constraints)
Selection (death)

Reproduction and propagation

	Cellular/atomic molecular structures
	Organic carbon

CO2
	Water

Suspended/dissolved materials
	Genomes (genotypes)

	Cellular/atomic molecular processes
	Photosynthesis

Digestion, biosynthesis

Cellular respiration
	Changes of state

Dissolution

Filtration

Sedimentation
	Mechanisms of gene expression

Cell cycle (mitosis)

Meiosis and reproduction

	Changes over Time
(due to imbalanced processes)
	Carbon sequestration or

CO2 production
	Changes in:

Rate or pathways of water flow

Water quality (substances in water)
	Evolution by natural selection (differential reproduction by individuals in populations)

Succession (differential reproduction by species in communities)

	Principles
	Conservation of matter

Conservation of energy
	Conservation of matter
	Gene expression and reproduction

Genetic resources for survival, growth, reproduction

	Level 4 Representations
	In textbooks at all scales (except maybe soil carbon)
	Available at all scales; not in most high school textbooks
	Hard to find reasonable Level 4 representations of structures or processes 

	Change if converted to corn field
	Processes continue at altered rates 
	Processes continue at altered rates, different substances dissolved in water
	Forest community completely destroyed

Humans try to manage all processes


Types of accounts: connected processes. Each strand involves accounts of connected processes.

Types of accounts: connected scales. Each strand involves accounts at connected scales: 


Cellular/atomic-molecular


Organismal/macroscopic


Large-scale in space and time

Elements of accounts.  The accounts in each strand share common elements that connect Level 2 (narratives connected by informal cultural models) with Level 5 (scientific model-based accounts).


Carbon: Life, matter, cause/energy, models (metaphors, principles, representations)


Water: Structure, water, materials in water, cause, models (metaphors, principles, representations)


Biodiversity: Life, growth, reproduction, selection, models (metaphors, principles, representations)

B. Development of accounts for carbon

Different ways of “splitting up the world.  Narratives based on informal cultural models recognize different types of processes and relationships among processes from scientific model-based accounts.  In Table 4 below, you can understand the rows as follows:

Carbon-transforming processes and scientific accounts.  These are Level 5 in our framework and consistent with high school standards in national standards.

Macroscopic processes.  These are common carbon-transforming processes that are recognized by students at all Levels of Achievement.

Informal accounts.  These are accounts based on informal cultural models: Level 2 in our framework
Table 4: Contrasting ways of grouping and explaining carbon transforming processes
	Carbon-transforming process
	Generating organic carbon
	Transforming organic carbon
	Oxidizing organic carbon

	Scientific account
	Photosynthesis
	Biosynthesis
	Digestion
	Biosynthesis
	Cellular respiration
	Combus-tion

	Macroscopic process
	Plant growth
	Animal growth
	Breathing, exercise
	Decay
	Burning 

	Informal account
	Natural processes in plants and animals, enabled by food, water, sunlight, and/or air
	Natural process in dead things
	Flame consuming fuel


Level 1 account of the growth of a maple tree.  Growth is a natural process—it’s just what maple trees do—so there’s no specific “cause” for tree growth (vitalistic account of life and cause).  There are factors that enable tree growth, such as water, sunlight, fertile soil, and air (enablers, no specific distinctions among enablers that are matter, energy, or conditions).  The tree has visible parts that I can name, such as trunk, branches, leaves and roots; it is made of wood. It has hidden internal parts, but I don’t know what they are (focus on macroscopic visible parts rather than materials or internal systems).  When the tree dies, it will decay—a different natural process with different enablers that do not involve life.

Connected Level 4 accounts of the growth of a maple tree.  The tree grows by building plant tissue from CO2, water, and soil minerals (tracing matter at macroscopic scale).  The first key process is photosynthesis, summarized by the equation: 6CO2 + 6 H20 --> C6H12O6 + 6O2 (tracing matter at atomic molecular scale, chemical equation representation).  This process converts light energy to chemical potential energy (cause/tracing energy).  The glucose produced by photosynthesis is [converted to sucrose and] distributed throughout the tree.  Cells of the tree either use it for cellular respiration, releasing CO2, or combine it with soil minerals to produce all the substances that the tree is made of, including cellulose, starches, fats, proteins, and nucleic acids (tracing matter, macroscopic and atomic-molecular scales).

The maple tree is a producer; organic carbon and chemical potential energy produced by photosynthesis are distributed through the forest ecosystem by food webs (tracing matter and energy, large scale).  When the tree dies, some of its organic carbon is sequestered in the soil, while other carbon is released as CO2 following cellular respiration by decomposers.  The concentration of CO2 in the atmosphere depends on the balance between processes that produce and sequester organic carbon and processes that oxidize organic carbon, including cellular respiration and combustion of biomass and fossil fuels (change over time, large scale).  

Figure 2: Tracing Matter and Energy, Level 5
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Figure 3: Tracing Matter and Energy, Level 3 (Intermediate Level)
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