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ABSTRACT KEYWORDS

Carbon cycle pool-and-flux reasoning is a critical facet of climate literacy. This carbon cycle curriculum;
article begins with discussion of why this type of reasoning is both challenging carbon cycle pool-and-flux
and important. Results from two studies are reported. The first describes students’ reasoning; climate literacy
approaches to carbon cycle pool-and-flux reasoning. The second describes and

reports results from an instructional intervention designed to scaffold secondary

students'model-based pool-and-flux reasoning. Before instruction, most second-

ary students employed informal reasoning approaches including good versus

bad and correlation heuristics to carbon cycle pool-and-flux problems. After

instruction, the portion of students employing goal model-based pool-and-flux

reasoning increased from 27 to 52 percent. This study builds on previous and

current research to offer a promising instructional approach to scaffolding

improvements in students’model-based pool-and-flux reasoning.

Introduction

As environmental educators well know, climate change is one of the most urgent socioenvironmental
problems facing society today. Environmental education’s focus on this problem in North America is
evident in the North American Association for Environmental Education’s Guidelines for Excellence: K-12
Environmental Education (North American Association for Environmental Education (NAAEE), 2019).
For example, middle school guideline 2.1.A indicates learners should be able to, “..provide an evi-
dence-based explanation of how humans have changed Earth’s atmospheric gases during the last two
centuries and the consequences of those changes” (NAAEE, 2019, p. 47). The Guidelines also identify
“systems and systems thinking” as the first essential underpinning of environmental education, noting
that, “[s]ystems thinking helps make sense of a large and complex world” (NAAEE, 2019, p. 12).

Earth’s complex and changing climate is a prime context in which systems thinking can help people
make sense of and respond to a socioenvironmental issue. The affordances of systems thinking are also
evident in other expectations in the Guidelines. For example, high school guideline 3.1.C suggests indi-
viduals should be able to, “[c]ritique proposed solutions using gauges such as likely impacts on society
or the environment, and likely effectiveness of solving the issue” (NAAEE, 2019, p. 81). In order to achieve
this goal, students need to access and use climate system thinking (e.g., by evaluating explanations,
predictions, and arguments that draw on understanding of invisible dynamic processes in the system
that unfold across different spatial and temporal scales) (Hmelo-Silver etal, 2007; Hogan &
Weathers, 2003).
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Growing acknowledgment of the importance of climate and climate change is also evident in recent
shifts in science education standards in the United States. While climate change and global carbon cycling
were largely absent from the National Science Education Standards released in 1996 (National Research
Council), they are prominent in the more recent Next Generation Science Standards (NGSS) (NGSS Lead
States, 2013). Relevant performance expectations, for example, address: clarifying evidence of factors
that have led to a rise in global temperatures (MS-ESS3-5), developing a quantitative model to describe
global carbon cycling (HS-ESS2-6), and using evidence from climate models to forecast climate change
(HS-ESS3-5).

This paper focuses on one key element in students’ understanding of global climate change, namely
carbon cycle pool-and-flux reasoning. The NGSS call on students in the United States to “[d]evelop a
quantitative model to describe the cycling of carbon among the hydrosphere, atmosphere, geosphere,
and biosphere” (NGSS Lead States, 2013, HS-ESS2-6). This is a particularly challenging standard to
achieve because, as we will explain, most people make sense of carbon cycle data in problematic ways
that lead to the erroneous conclusion that addressing anthropogenic climate change will be much easier
to accomplish than it actually will be.

We do not suggest that teaching students pool-and-flux reasoning addresses all elements of environ-
mental education associated with goals such as environmental literacy, environmentally responsible
behavior, or action competence (e.g., Bishop & Scott, 1998; Coyle, 2005; Hsu, 2004; Kollmuss & Agyeman,
2002; McBeth & Volk, 2009; Mogensen & Schnack, 2010). Understanding pool-and-flux reasoning may
not directly impact peoples’ climate-relevant personal and societal decisions or behaviors. However, we
argue that carbon cycle pool-and-flux reasoning represents a “necessary but not sufficient” accomplish-
ment for informed participation in societal decision-making related to climate change.

This argument is consistent with perspectives in environmental education. For example, in various
models and approaches to environmental education, knowledge is a consistently included construct (e.g.,
Bishop & Scott, 1998; Coyle, 2005; Hsu, 2004; Kollmuss & Agyeman, 2002; McBeth & Volk, 2009;
Mogensen & Schnack, 2010). And, while carbon cycle pool-and-flux reasoning represents an aspect of
knowledge necessary for environmental literacy, it is much more than just a fact to be learned. Rather,
this type of reasoning involves employing sophisticated sense making to coordinate longitudinal, global
scale data with a model-based, mechanistic understanding of Earth’s complex carbon cycling system.
Because the potential effectiveness of different climate actions is commonly evaluated based on predicted
impacts on atmospheric carbon levels, carbon cycle pool-and-flux reasoning is essential for informed
engagement with responses to climate change.

In the context of climate change, NAAEE’s guideline 3.1.C involves critiquing the likely impacts
of different goals for emissions reductions on atmospheric carbon dioxide concentrations, which
subsequently impact global temperatures and other climate indicators (IPCC, 2018). People who
are able to use carbon cycle pool-and-flux reasoning may not make decisions consistent with sup-
porting effective means of addressing global climate change, but those without access to carbon
cycle pool-and-flux reasoning cannot; they lack the capacity to understand the likely effects of
different choices, and thus to make evidence-informed decisions about personal and policy-related
climate issues. This is particularly concerning in today’s society in which people have reason to be
skeptical about arguments from various sources concerning socioenvironmental issues and solutions
(Barzilai & Chinn, 2020; Feinstein & Waddington, 2020; Iyengar & Massey, 2019; Stubenvoll &
Marquart, 2019).

Further, while human understanding of climate science and arguments concerning responses to climate
change continue to change over time, some basic ideas and models (including but not limited to carbon
cycle pool-and-flux reasoning) represent fundamental aspects of preparation for future learning in this
domain that will remain useful over time. After they complete their schooling, individuals need to be
able to continue to learn about socioenvironmental issues (e.g., through reading news articles in the
media) as both the circumstances of and our understanding of those issues change (Bransford & Schwartz,
1999; Zeidler et al., 2009; Zeidler & Kahn, 2014).
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Preparation for future learning does not mean knowing everything - it means being able to judge and
make sense of arguments about changing and emerging issues as need arises. Pool-and-flux reasoning
positions people to critique alternative goals and strategies for emissions reductions now and in the future
as aspects of our global socioenvironmental system such as levels of atmospheric carbon dioxide (CO,);
rates of emissions; available technologies and understandings of how they work; and circumstances of
social, political, economic, and justice contexts change over time. Thus pool-and-flux reasoning is one
essential, flexible facet of systems thinking that individuals need in order to be prepared for current and
future participation as informed environmental decision-makers.

In this paper, we draw on research in the literature and our own design-based research to discuss (1)
why carbon cycle pool-and-flux reasoning is crucial to addressing climate change, (2) why this type of
reasoning is so challenging, (3) the more and less sophisticated ways middle and high school students
reason about global carbon pools and fluxes, and (4) a promising instructional approach to improving
secondary students’ carbon cycle pool-and-flux reasoning. The evidence we present concerning students’
ways of thinking and the beneficial effects of an instructional experience both draw from a large-scale
design-based research project aimed at teaching students to trace matter through carbon transforming
processes at multiple scales from atomic-molecular to global (Anderson et al., 2018; Cobb et al., 2003).

Why quantitative carbon cycle pool-and-flux reasoning is critical for
addressing climate change

Figure 1 presents an iconic image that is frequently used as evidence that CO, concentrations in the
atmosphere are increasing. Known as the Keeling Curve, it documents the increasing concentration of
CO, in the atmosphere at Mauna Loa, Hawaii between 1958 and the present. Most students we have
interviewed or who have completed written assessments for our project believe that increasing CO,
concentrations are bad and that we should do something about them. The questions of what to do and
how much difference it will make, however, are more complicated.

Most students correctly attribute the upward trend in the Keeling Curve to human activities that use
fossil fuels. On the surface, this connection seems straightforward. For example, one can compare time
series graphs showing the Keeling Curve and the fossil fuel flux of carbon into the atmosphere (Figure 2).
Eyeballing the trends in these graphs, they look similar. If we look at the period from 1958 through
2010, we see that in both cases, trends are going up steeply over time. This leads to a seemingly logical
conclusion: If we can reduce CO, emissions (i.e., get the lines in Figure 2 to start going down), then
CO, concentration (the line in Figure 1) will start going down too. Unfortunately, the relationship
between CO, emissions and CO, concentration is not that simple. Figure 3 shows why.

Global carbon cycling involves the multiple processes (photosynthesis, cellular respiration, com-
bustion, etc.) that move carbon among connected pools in the geosphere, hydrosphere, atmosphere,
and biosphere. When these systems have balanced carbon fluxes, the sizes of carbon pools remain the
same over time. When fluxes are imbalanced, pool sizes change over time. What’s more, it only takes
a small imbalance in fluxes to make a large change in a pool’s size over time. Figure 3 shows that the
flux from burning fossil fuels (10 GtC/year) is far smaller than most other fluxes into and out of the
atmosphere, but it is unbalanced. We can calculate the overall carbon flux using the Figure 3 model
by summing the annual fluxes into the atmosphere (208 GtC/year), summing the fluxes out of the
atmosphere (200 GtC/year), and comparing the two; this yields a net flux of 8 GtC/year into the
atmosphere.

Pool-and-flux reasoning shows us that simply reducing emissions will not reduce or even stabilize
the atmospheric carbon pool. With reduced emissions, the atmospheric CO, concentration will continue
to grow at a slower rate. This is the crux of why pool-and-flux reasoning is so important. Stabilizing the
concentration of CO, in the atmosphere will require not just reducing emissions, but reducing them to
an extent that will sustain the global carbon cycling system at or near a balanced-flux state indefinitely
(i.e., fossil fuel emissions will need to be close to zero or else other actions will need to be taken to move
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Atmospheric CO, at Mauna Loa Observatory
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Figure 1. Keeling Curve (record of atmospheric CO, concentration at Mauna Loa) (National Oceanic & Atmospheric Administration,
2019).

9000
c
_8 - Solids
T id —_—
O Gases
-6 6000 — Flaring
Cement
2] Total
lg -
2
© 3000
=
c
ko] -
0= T T 1 I [ ———
1750 1815 1880 1945 2010

Figure 2. Global fossil fuel carbon emissions (Boden et al., 2015).

more CO, from the atmosphere back to terrestrial and ocean systems to balance the fossil fuel flux into
the atmosphere).

This is why the NGSS emphasize quantitative modeling of global carbon cycling as a key goal. Students
(and people in general) need to recognize the actual problem we are facing with respect to addressing
climate change in order to make informed decisions concerning the changes that are required to avert
the most catastrophic projections for climate change. In the next section, we discuss research from related
fields that explains why people, spanning from middle school students through science experts, have so
much trouble with pool-and-flux reasoning.
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Figure 3. Global carbon cycle model.

The challenge of carbon cycle pool-and-flux reasoning
Studies of pool-and-flux reasoning in different contexts

Studies conducted over the past several decades provide an illustration of the kinds of trouble people
encounter when they reason about pool-and-flux problems. This research has been conducted with a
variety of participants, though often with university undergraduate and graduate students. The work has
been conducted using a range of pool-and-flux problems including water in a bathtub, oil in a tank,
people in a building, air in a balloon, dollars of national debt, distance between cars, and CO, in the
atmosphere (Cronin et al., 2009; Dutt & Gonzalez, 2012; Guy et al., 2013; Moxnes & Saysel, 2009; Reichert
etal., 2014, 2015; Sterman & Sweeney, 2007).

Findings have been consistent. People, including those with technological expertise and training, are
generally poor pool-and-flux reasoners. Instead of recognizing fluxes as rates of change and pools as
amounts of materials, people often oversimplify these problems and view fluxes and pools as having a
simple linear relationship. This tendency has been labeled both “correlation heuristic” and “pattern
matching” (Cronin et al., 2009; Dutt & Gonzalez, 2012; Moxnes & Saysel, 2009; Sterman & Sweeney,
2007). Basically, when dealing with pool-and-flux problems, individuals will often assume that if a flux
has a positive trend then a pool will have a positive trend, and vice versa. As noted by systems scientists,
this simplifying heuristic can lead individuals to grossly underestimate how much we will have to reduce
CO, emissions to stabilize or reduce the atmospheric carbon pool (Sterman & Sweeney, 2007).

Other studies provide evidence of additional informal reasoning approaches, aside from the correlation
heuristic. For example, Sweeney and Sterman (2007) found that middle school students sometimes
consider inflow but not outflow in pool-and-flux problems. Niebert and Gropengiesser (2013) analyzed
metaphors that scientists and high school students use to understand climate change; they found that
students viewed anthropogenic CO, as “bad” because it is made by people rather than being natural.
Similarly, in our research (Covitt & Anderson, 2018), we have found that high school students often use
informal approaches to making judgments and predictions about phenomena related to climate and
climate change. These include, for example, covering law approaches (Braaten & Windschitl, 2011),
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which describe things such as pollution and climate change just going together without explaining
underlying mechanisms and qualifications (e.g., how does pollution impact climate, which types of
pollutants, from which sources, and to what extent). We have also observed fast thinking heuristics
(Kahneman, 2011) such as eyeballing graphs and simply extending patterns and trends in graphs to make
predictions for future CO, levels.

Informal approaches to judgments served our prehistoric ancestors well and have become prevalent
among the human population (Gigerenzer & Todd, 1999; Payne et al., 1993). In many quotidian contexts,
quick and decisive approaches to making judgments are desirable (Kahneman, 2011). Without quick
thinking, people would get bogged down in every little decision (e.g., what should I have for breakfast
today?) and find it difficult to complete larger and more significant tasks. In most of our everyday expe-
riences and contexts, the correlation heuristic is an effective approach. Sterman and Sweeney (2007)
provide a few examples such as kettle whistling correlates with water boiling, and eating certain mush-
rooms correlates with becoming ill. Unfortunately, quick thinking approaches like the correlation heuristic
are insufficient for the task of making informed critiques of proposed solutions to climate change.

Studies of instructional interventions focusing on pool-and-flux reasoning

Van Dooren et al. (2007) found that oversimplified correlational or linear reasoning was highly prevalent
among sixth graders, and that it was reinforced by the common use of word problems in school that
prompt students to identify linear relationships. Van Dooren and colleagues also found that interventions
that required students to go beyond verbal and text writing performances (e.g., to undertake drawing or
manipulating objects) helped students to avoid misapplied linear reasoning. However, on a subsequent
posttest, students in all conditions returned to linear reasoning strategies. The interventions helped
disrupt linear reasoning about a particular example but did not change students’ overall tendency to
apply linear reasoning.

As with Van Dooren and colleagues’ (2007) interventions seeking to disrupt linear reasoning, attempts
to help individuals achieve more sophisticated pool-and-flux reasoning have shown that some approaches
can have significant impacts, but also that students often revert to applying the correlation heuristic.
Some approaches that have been shown to at least modestly improve pool-and-flux reasoning include
providing feedback (Cronin et al., 2009), interacting with pool-and-flux simulations (Dutt & Gonzalez,
2012), employing analogies (Guy et al., 2013; Moxnes & Saysel, 2009; Reichert et al., 2015), introducing
a cognitive conflict (Moxnes & Saysel, 2009; Reichert et al., 2015), and employing cognitive flexibility
principles (Reichert et al., 2015). Other approaches have demonstrated mixed results. For example, Guy
et al. (2013) found that employing graphs in problems can lead to relatively worse reasoning outcomes.
Cronin and colleagues (2009), however, found that employing graphs did not negatively influence rea-
soning. Approaches including simplifying problems and providing motivational incentives have also
been shown to be ineffective in some experiments (Cronin et al., 2009).

Studies of instruction about climate change

To date, few studies have examined or documented changes in pool-and-flux reasoning among secondary
students as a result of learning experiences. Thus, little evidence has been presented to suggest that sec-
ondary students can learn to successfully use pool-and-flux reasoning, especially in the context of the
carbon cycle. A search of both research and practice literature suggested that much of the work at the
secondary level has focused on either describing students’ understanding of climate change without exam-
ining learning (e.g., Chang & Pascua, 2016; Diising et al., 2019; Ozdem et al., 2014; Shepardson et al., 2009,
2011, 2014; You et al., 2018) or describing climate change and/or carbon cycle instruction without address-
ing or examining learning related to pool-and-flux reasoning (e.g., Bofferding & Kloser, 2015; Pruneau
et al., 2003).

Some curricular materials we found in the literature focused on the pathways carbon moves through
without requiring students to engage in quantitative pool-and-flux reasoning, which is required for
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making sense of changes in pool sizes over time (e.g., Hoover, 2019; Peel et al., 2017). One study examined
secondary students’ reasoning relevant to pools and fluxes using a qualitative approach that provided
useful insights but did not provide a more generalizable examination of whether and how educational
experiences might support significant learning in this domain among secondary students (Niebert &
Gropengiesser, 2013). Another study found only 20% of students achieved qualitative model-based carbon
cycle reasoning as a result of instruction (pool-and-flux reasoning was not explicitly addressed in the
study) (Zangori et al., 2017). In summary, research to date has not produced evidence of or from effective
approaches for scaffolding secondary students’ learning of carbon cycle pool-and-flux reasoning.

One other issue to note with regard to educational implications is that carbon cycling is a particularly
complex pool-and-flux reasoning problem when compared with many other examples (e.g., pools of
national debt and fluxes of revenue and spending, pools of money in a savings account and fluxes of
deposits and withdrawals, pools of water in a bathtub and fluxes of water entering and exiting). While
the carbon cycle comprises multiple pools and fluxes moving carbon through a complex system, in all
the examples above, there is only one pool and two fluxes (one in and one out).

Summary

Past research on pool-and-flux reasoning surfaces several key points. First, pool-and-flux reasoning has
been recognized as an important learning target in several different fields. Second, difficulty with this
type of reasoning tends to arise when people rely on simplified heuristics that produce quick but some-
times inaccurate conclusions. Third, teaching students when and how to use pool-and-flux reasoning is
hard. And finally, research on teaching climate change has generally not recognized the important role
of pool-and-flux reasoning or documented successful strategies for teaching it.

Background and research questions
Learning progressions and design research

The two studies reported in this article represent work situated in learning progressions theory (Duncan
& Rivet, 2013) and the methodological approach of design-based research (Cobb et al., 2003; Collins
et al., 2004). These theoretical and methodological lenses are leveraged to examine and respond to the
educational challenge of teaching pool-and-flux reasoning with secondary students.

“Learning progressions are descriptions of the successively more sophisticated ways of thinking about
a topic that can follow one another as children learn about and investigate a topic over a broad span of
time” (National Research Council, 2007, p. 214). Development of empirically grounded learning pro-
gressions has been shown to hold promise for advancing and informing multiple aspects of research-based
education efforts including in areas of formative assessment, measurement of student learning, creation
of responsive curriculum materials, and design of effective teacher professional development
(Gotwals, 2012).

Our learning progressions research uses grounded evidence from students’ own performances to
characterize students’ ways of talking, thinking, and writing as they make sense of the world as they
experience it (Gee, 1991). Knowing how students make sense of the world provides a critical lens for
designing learning experiences that are responsive to students’ ways of reasoning and that can support
students in developing more sophisticated knowledge and practice over time.

Because we focus on just a few assessment items in this article, the research and evidence presented
here does not represent a complete learning progression on its own. However, this study does build on
and fit within the body of our previous learning progressions work that describes less and more formal
ways that students make sense of environmental phenomena and systems (Covitt & Anderson, 2018;
Gunckel et al., 2012; Mohan et al., 2009). While the results of this study are consistent with the methods
and findings of our previous work, they are also unique; we have never published data or results specif-
ically addressing students’ pool-and-flux reasoning before.
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The methodological approach of design-based research aims to “blend empirical educational
research with theory-driven design of learning environments ... [to understand] ... how, when and
why educational innovations work in practice” (Design-Based Research Collective, 2003, p. 5). In
collaboration with schools and teachers that has extended for over a decade, we have used a design-
based research approach to develop, test, and refine learning progressions and learning progres-
sion-informed instructional approaches addressing environmental science literacy (Anderson
et al., 2018).

Research context
The carbon TIME project

For over a decade, the Carbon TIME project has enacted a design-based research partnership aimed
at studying, testing, and refining a learning progression-based approach to teaching carbon cycling
in the United States at the middle and high school levels (Anderson et al., 2018). The Carbon TIME
curriculum comprises six instructional units: Systems ¢ Scale, Animals, Plants, Decomposers,
Ecosystems, and Human Energy Systems (all Carbon TIME materials are freely available at carbontime.
bscs.org).

In the sequence of Carbon TIME units, students learn to trace matter and energy through pro-
cesses such as photosynthesis, biosynthesis, cellular respiration, and combustion at multiple scales—
from atomic molecular through global. In the curriculum, carbon cycle pool-and-flux reasoning
comes at the end—in the Ecosystems and Human Energy Systems units. Thus, before Carbon TIME
students encounter the challenge of global carbon cycle pool-and-flux reasoning, they have had
experience with tracing carbon through smaller systems including animals, plants, engines, and
ecosystems.

Carbon TIME teachers participated in a professional development (PD) course of study that was
embedded in a local professional network (i.e., professional learning community). The course of study,
which involved 75 hours of participation over two years, included both face-to-face and online PD expe-
riences with activities including but not limited to experiencing, analyzing, and critiquing units; enacting
units and reflecting on instruction; analyzing and responding to student performances; and collaboratively
working on problems of environmental science literacy instruction. While tracing matter and energy
through systems was emphasized throughout the PD course of study, very little PD time focused specif-
ically on global pool-and-flux reasoning.

Carbon TIME has addressed the NGSS performance expectation for carbon cycle pool-and-flux rea-
soning (HS-ESS2-6) through conducting research on students’ carbon cycle reasoning and through
instructional design and implementation based on our own and others’ research. In this paper, we present
results from two studies. The first was a pilot study that analyzed patterns in students’ responses to a
pool-and-flux problem. The results of the first study contributed to revisions of the Human Energy
Systems unit. The second study examined the impact of that unit on students’ carbon cycle pool-and-flux
reasoning.

Research questions

Study One (Pilot) Research Question
What are different (and more and less sophisticated) ways students reason about how a 50% reduction
in combustion of fossil fuels would affect future atmospheric CO, concentrations?

Study Two Research Questions
1. How does viewing a diagrammatic carbon cycle model influence students’ pool-and-flux expla-
nation and prediction performances?
2. How does engaging in an instructional unit that scaffolds carbon cycle pool-and-flux reasoning
affect students’ explanation and prediction performances?
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Study One: Learning progression research on students’ predictions and explanations
Methods

Context and data sources

In Study One we drew on a convenience sample of students of different ages and levels of experience
with the purpose of eliciting and describing a spectrum of approaches to carbon cycle pool-and-flux
reasoning. Interviews were conducted with 25 undergraduate students (mostly non-science majors) and
5 graduate medical students. Written responses were collected from 93 high school students including
42 ninth grade students and 51 twelfth grade students. Some, but not all of the high school students had
previously completed Carbon TIME units. All data were collected in a Midwest state.

In both interviews and written responses, we asked students to evaluate different predictions for how
a 50% reduction in combustion of fossil fuels would affect atmospheric CO, concentrations over time.
The question (Figure 4) depicts part of the Keeling curve with dashed lines showing five predictions for
atmospheric CO, concentration from 2016 to 2065. The students were asked to agree with one of five
predictions for future CO, levels and to explain their choices.

We asked students to choose a prediction and explain their choice both before and after they saw
Figure 5, which is a quantitative carbon cycling model representation from the Intergovernmental Panel
on Climate Change (IPCC) (2001). This model is similar to Figure 3 but uses older data. The carbon
cycle pool-and-flux reasoning required in both models is the same. The rationale for asking students to
respond both before and after viewing the carbon cycling model representation stems from the use of
this type of representation in climate change education and media sources aimed at student audiences,
for example, in educational materials presented by The Globe Program (retrieved May 9, 2020) and
Project Learning Tree (retrieved May 9, 2020). These programs present the diagrams with minimal
consideration of challenges associated with pool-and-flux reasoning, suggesting that the authors expect
students to be able to interpret and use the diagrams without much additional support.

If students have difficulty using carbon cycle pool-and-flux diagrams as reasoning tools, as we suspected
they likely would, this would suggest that educators who make use of these diagrams in lessons and other
materials will need to be aware that in many cases, students may not take away from such lessons the
learning outcomes (i.e., understanding how the carbon cycle imbalance affects CO, concentrations in the
atmosphere over time) that educators hope students will achieve. More directed and intensive learning
experiences that go beyond just showing and/or explaining the models to students would be needed.

Analysis

We analyzed students’ prediction selections and explanations from interview and written responses using
established learning progression research methods (Black et al., 2011; National Research Council, 2006).
These methods involve iterative cycles of assessment development, implementation, and analysis with
combinations of deductive and inductive coding aimed at articulating empirically grounded levels or
categories of ways of reasoning about a topic. Consistent with learning progression research approaches,
the reasoning categories presented in this study were developed with reference to both emergent themes
arising from this study’s data and past research including both our own (e.g., Covitt & Anderson, 2018;
Mohan et al., 2009; Parker et al., 2015) and others’ (e.g., Cronin et al., 2009).

Our analyses were conducted in several cycles beginning with implementation and analysis of inter-
views in 2015 and 2016 followed by implementation and analysis of written responses in 2017. Across
these assessment implementations, we found that students generally responded to pool-and-flux rea-
soning questions in one of three ways: pool-and-flux model-based reasoning, correlation heuristic reasoning,
and good versus bad heuristic reasoning. These categories are described in the Results section.

After categories were developed using first the interview data and then samples from the written
response data, two authors separately coded 80 of the remaining written responses (including responses
from both before and after viewing the IPCC model) to establish interrater reliability. Weighted Cohen’s
Kappa for interrater reliability was 0.65, which is considered substantial (Landis & Koch, 1977). The
authors compared and discussed codes, came to consensus for disparate codes, refined the coding exem-
plar, and one author coded the remaining written responses.
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Figure 4. Atmospheric CO, prediction question, part 1.

The solid line in the graph shows how carbon dioxide (CO,) concentrations in the atmosphere changed between 1960 and 2016. If the
world were suddenly able to cut its use of fossil fuels in half tomorrow and maintain that low level of use, what would be the effect on
the concentration of atmospheric CO,? Which line best describes what you think would happen to CO, levels:A B C D E

Explain your answer.

Results

The students’ predictions and explanations fit into three general patterns: pool-and-flux model-based
reasoning, correlation heuristics, and good versus bad heuristics. We describe each pattern below, then
conclude this section with a discussion of implications for instruction.

Pool-and-flux model-based reasoning

The most sophisticated student responses used the arrows in the IPCC model to calculate a net flux if
fossil fuel use were cut in half while the other fluxes were unchanged. These students chose C or D and
used the numbers in the model to calculate the net flux of CO, into the atmosphere given a starting level
of emissions of 3.15 GtC per year. Calculating in conjunction with the other fluxes shown in the model,
if emissions were to be cut in half, the net flux would be about 0 (or 0.05 GtC per year out of the atmo-
sphere if students included multiple digits in their calculations'). In an example response representing
this type of reasoning, the student wrote, “Cutting CO, from fossil fuels in half would mean 3.15 from
processes in the atmosphere. The ocean takes up —2 Gt (88— 90), land use takes up —0.2 (0.7 —1.9), and —1
Gt from GGP (119-120). This shows that the atmosphere carbon levels SHOULD go down 0.05 Gt a year.
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Figure 5. Global carbon cycle model.

The figure to the right shows part of the global carbon cycle. It shows some of the different places or reservoirs where carbon is found
on the planet and the amount of carbon in gigatonnes (Gt) in each of those places. The arrows show the number of gigatonnes of car-
bon that move in and out of the atmosphere every year.

An even more sophisticated level of understanding (which we did not observe in responses from
students) would involve choosing response B and explaining that with a reduction in emissions, other
fluxes in the model would change as well. For example, the flux arrow from the atmosphere to the ocean
would likely decrease due to a negative feedback loop, resulting in the CO, concentration in the atmo-
sphere continuing to rise at a less rapid rate over time.

Some students agreed with B and used pool-and-flux reasoning to make a reasonable prediction
without doing a calculation. This type of response was evident both before and after the students viewed
the IPCC model. These students recognized that changing a flux changes the slope of the line on the
graph rather than the value on the Y axis, which represents CO, concentration. These students explained
that if we cut fossil fuel use in half, we would still be using fossil fuels—just not as much. Therefore,
atmospheric CO, concentrations would continue to rise, but at a slower rate. This student’s written
response is representative of this type of model-based reasoning, “Wed still be producing more CO, than
what gets taken out. So only the rate would slow” While it does not include a calculation, this students’
response still represents model-based pool-and-flux reasoning that recognizes the distinction between
amount of atmospheric CO, and rate of CO, flux into the atmosphere.

Correlation heuristic reasoning

Other students chose D or E and reasoned about pools and fluxes in quantitative but inaccurate or
incomplete ways. These students often applied the correlation heuristic, conflating changes in flux (slope
of the graphed line) with changes in pool size (value on the Y-axis). The following written response
reflects this type of thinking, “D because fossil fuels help to produce CO, so if we cut it in half it would
decrease” Note how this student used “it” twice in the same sentence, perhaps without recognizing that
each “it” had a different meaning:

...if we cut it (CO, emissions—the flux arrow) in half,
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...it (CO, concentration—a measure of the size of the atmospheric CO, pool) would decrease.

This approach often led to spurious quantitative reasoning, such as when another student conflated
a change in flux with a change in pool size, saying, “I guess it would definitely be down here, like 200. ...
Because we're at 400 right now, so in half”

Good versus bad heuristic reasoning

Other students reasoned in ways that ignored the numbers from the graph and the model. They used an
informal frame to explain their ideas about what would happen. These students did not attend to quan-
titative pools, fluxes, or concentrations at all. Instead, they described things that happen to the environ-
ment as good (e.g., less pollution) or bad (e.g., using fossil fuels). For instance, some students chose D
or E, connecting good actions (e.g., cutting fossil fuel use) with good outcomes without referencing
carbon cycle mechanisms: “If it’s cuts down and maintain a low level use, the air will clear up and it will
be good for animals and humans to breath clean air” Some students chose A based on connecting bad
actions to bad outcomes. For example, one student wrote, “[b]ecause I think we've reached a point where
we've done too much damage to earth, personally. And I don’t think we can come back from that?

Implications for instruction

Over two-thirds of high school students provided responses consistent with the good versus bad heuristic
or the correlation heuristic both before and after they saw the IPCC model. Generally speaking, students
who provided good versus bad and correlation heuristic type responses before seeing the model did not
subsequently use the IPCC model to make pool-and-flux model-based predictions. This suggests, as
suspected, that seeing a quantitative pool-and-flux model is not particularly helpful for most students
who rely on good versus bad or correlation heuristics.

In general, students who demonstrated capacity to engage in model-based pool-and-flux reasoning
were successful with the following three practices:

1. Reasoning using mechanisms (i.e., fluxes between pools) rather than good or bad factors (e.g.,
pollution) that influence CO, concentrations.

2. Recognizing and distinguishing between carbon pools and carbon fluxes.

3. Reasoning quantitatively (which does not necessarily require calculations) about multiple
fluxes.

With respect to preparation for making informed critiques of solutions as advocated by high school
guideline 3.1.C (NAAEE, 2019), we observe a large and meaningful difference in the preparedness
of students who engage in “good versus bad” and/or “correlation heuristic” types of reasoning com-
pared with students who engage in “pool-and-flux” reasoning. We concluded that scaffolding pool-
and-flux reasoning about global carbon cycling should be a high priority for the Human Energy
Systems unit.

Study Two: Design-based research on teaching pool-and-flux reasoning
Methods

Context

Study Two examined students” performances before and after they studied the Human Energy Systems
unit (carbontime.bscs.org/human-energy-systems). This unit builds on findings from Study One as well
as knowledge and practices that students develop in the previous Carbon TIME units. The first five units
support students in developing a repertoire of explanations and evidence-based arguments for tracing
matter and energy in combustion and life science contexts at the atomic-molecular, macroscopic, and
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ecosystem scales. While this repertoire provides a critical precursor, it is not sufficient for employing
model-based, global pool-and-flux reasoning. Therefore, the Human Energy Systems unit was designed
to scaffold the important practices needed for pool-and-flux reasoning identified in Study One.

The Human Energy Systems unit is divided into two phases. The first phase comprises three lessons
in which students look at related time series patterns in data about Earth systems: global temperatures,
changes in sea level, Arctic sea ice, and atmospheric CO, concentrations. Students study the relationships
among these patterns, eventually concluding that through the greenhouse effect, CO, is the driver; changes
in CO, concentrations are driving the changes in the other variables.

This leads to a key question that students subsequently answer in Phase 2 (Lesson 4)—What drives
the driver (i.e., what causes CO, concentrations to go up every year)? Students begin by sharing their own
ideas and questions about what is happening. The Human Energy Systems unit is designed to respond to
those ideas and questions through engaging students in multiple experiences in which they enact the
practices needed for pool-and-flux reasoning while modeling carbon cycling.

Consistent with our iterative, design-based research approach, one significant change made to the
unit as a result of Study One was the development of two Global Carbon Cycling models described below.
The first model, which students manipulate on their desks, provides a less quantitatively complex intro-
duction. The second, online model, is designed to support students in modeling and observing the effects
of changes in fluxes on the size of global carbon pools over time. These models scaffold students in all
three important practices described above: (1) observing and reasoning with mechanisms (i.e., photo-
synthesis, cellular respiration, and combustion), (2) distinguishing between carbon pools and carbon
fluxes, and (3) observing and reasoning about quantitative changes in pools and fluxes over time.

Phase 2 begins with students offering and discussing their own initial explanations and questions
concerning the cause of increasing CO, concentrations. Next, students play a Tiny World Modeling Game
(Figure 6), in which they move markers representing carbon atoms among three carbon pools. The
carbon fluxes are carbon transforming processes that they have studied in previous units: photosynthesis,
cellular respiration, and combustion. In the Tiny World Game, students model (1) a steady state, in which
the fluxes are balanced; (2) an annual cycle, in which the photosynthesis flux changes with the seasons;
and (3) scenarios that include an unbalanced flux from combustion of fossil fuels.

In a subsequent activity, students use the online Global Carbon Cycling Model (Figure 7) to make
global scale, quantitative predictions about effects of changes in fluxes on pool sizes. The computer model
has the same pools and fluxes as the Tiny World Model, but pool and flux sizes are based on current
global-scale data (Figure 3). Students can control the size and timing of changes in fluxes and see pro-
jections of the long-term effects across 50 years. In combination, these activities are designed to scaffold
students in developing model-based explanations and predictions for pool-and-flux carbon cycling at
the global scale. Students can employ their explanations and predictions to answer the question of what
causes atmospheric CO, concentrations to increase each year.

Data sources

Data for the second study come from matched pre and post unit assessments for 415 students who
completed the Human Energy Systems unit in 2019. The sample included 77 middle school students and
338 high school students. Students were from schools in three states in the Midwest, Mountain West,
and Northwest. Students completed the Human Energy Systems unit in Biology and Environmental
Science courses.

In this study, we focus on two items from the Human Energy Systems unit pre- and post-assessments
(the full unit assessments include six items). The two items we report on in Study Two are similar to
those used in Study One in that they ask students about atmospheric CO, concentration given a 50%
reduction in fossil fuel emissions and in that students respond to the first item before viewing the IPCC
model and the second item after viewing the model (Figures 4 and 5). In the first item, students were
asked to choose one of five predictions for future atmospheric CO, concentrations and explain their
choice. In the second item, they were again asked to choose a prediction and then they were asked to
explain why they did or did not change their previous prediction after seeing the model.
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Figure 6. In the Tiny World Modeling Game, students move markers representing carbon atoms through carbon cycle pools and
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Figure 7. Inthe Global Carbon Cycling Model, students make predictions for future sizes of carbon pools based on the current size of
pools and experimental manipulations of fluxes.

Analysis

Students’ item responses were coded into three reasoning levels corresponding to the reasoning levels
from Study One. Coding was completed using the Carbon TIME machine scoring system developed in
collaboration with ACT, an education research and assessment organization. Development, implemen-
tation, and validation of the machine scoring system are described in Thomas (2020) and Thomas
et al. (2020).
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The machine scoring system is based on iterative development and refinement of item rubrics with
indicators of each type of reasoning. Rubrics were initially developed and refined with human coders
and then machine learning was used to train the Open Source machine-learning engine, Lightside
Researcher’s Workbench (Mayfield & Rosé, 2013), to code student responses. Machine coding was refined
and checked against human coding until a standard of a quadratic weighted kappa (QWK) of at least 0.7
was achieved (Landis & Koch, 1977). Item coding rubrics are available in supplementary materials.
Briefly, the descriptors of the coding levels are as follows:

o Level Three (Pool-and-flux model-based prediction and explanation): Responses explain that reduc-
ing emissions reduces the rate of increase in CO, concentrations (the slope of the line).

o Level Two (Correlation heuristic): Responses describe incomplete or inaccurate quantitative rela-
tionships between CO, emissions and CO, concentration.

o Level One (Good versus bad heuristic): Responses focus on normative and immaterial ideas about
consequences of changing fossil fuel use while disregarding numbers and information about
carbon pools and fluxes.

Once data were coded, we applied linear probability models to test several effects described in the
Results section below. We examined within-student variation so that students’ characteristics are not
confounded with the results. A statistical comparison between middle and high school students could
not be made because the sample only included middle school students from one teacher. However, it is
worth noting that running the probability models with and without the middle school students in the
sample did not lead to different results.

Results

Research question 1: Effect of seeing the model

We examined the effect of viewing the diagrammatic model (Figure 5) on students’ likelihood of moving
to a higher reasoning level by comparing students’ performance before and after viewing the model,
within the same test. On both the pretest and the posttest, we see only a small change in the percentage
of students responding at any given level before viewing the IPCC model (black bars in Figures 8 and 9)
compared with after viewing the model (grey bars). The probability of a student responding with good
versus bad reasoning decreased by 0.0361 (p <0.01) after viewing the model in a test, regardless of whether
it was a pretest or posttest—a difference that we judge to be statistically but not educationally significant.
The probability of a student responding with pool-and-flux reasoning did not change after viewing the
model, again, regardless of whether it was a pretest or posttest.

These findings provide further evidence that offering the diagrammatic carbon cycling model is not
very helpful to students who are using the good versus bad heuristic or the correlation heuristic. Instead,
it seems that model-based carbon cycle pool-and-flux reasoning is a prerequisite for being able to use
the IPCC model in a productive way (i.e., by calculating a net flux and using the net flux to make a
prediction for future atmospheric CO, concentration).

Research question 2: Effect of completing the human energy systems unit
The second prominent finding is that completing the Human Energy Systems Unit did have a significant
impact. Analysis of the students’ performances on the full unit pre and post assessments showed sub-
stantial learning gains associated with completing the Human Energy Systems unit (average pre to post
increase of 0.779 logits representing a paired t value of 16.398, SE = 0.047, p <0.001, effect size = 0.799).
With regard to the focal assessment items, while only 27% of students provided responses consistent
with model-based pool-and-flux reasoning on the pretest (Figure 8), about 52% of students did so on
the posttest (Figure 9). This change reflected an increase in the probability of a student using
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Figure 9. Students responding at each reasoning level on the unit posttest.

pool-and-flux reasoning of 0.252 (p <0.001). The probability of a student relying on the good versus bad
heuristic showed a decrease of 0.137, p<0.001).
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While it is encouraging to see an increase from 27% to 52% of students who provided responses
consistent with model-based pool-and-flux reasoning, it is important to acknowledge that this result
also shows that after completing the unit, about 20% of students still provided responses at the good
versus bad heuristic level and about one quarter still provided responses at the correlation heuristic level.
These results, while promising, are consistent with previous research studies that have shown the
entrenched nature of informal approaches to pool-and-flux reasoning.

Discussion

It is tempting, but problematic, to assume that the meanings of representations like the Keeling Curve
(Figure 1) or carbon cycling models (Figures 2 and 5) are transparent to students. The results of our
studies are consistent with past research and further elucidate the challenges students face in interpreting
and using these representations. The correlation and good versus bad heuristics that we describe above
are sometimes useful to all of us; these heuristics help us understand that combustion of fossil fuels is
problematic. However, neither of these reasoning approaches helps people understand how multiple
fluxes affect CO, concentration in the atmosphere. In order to evaluate the costs and benefits of different
decisions or actions, people need to be able to predict the quantitative impact of changing carbon fluxes
on atmospheric CO, concentration.

We found that without instruction, almost three-fourths of high school students relied on good versus
bad or correlation heuristics, even in a situation where the heuristics were inappropriate. This was true
even when they were provided with a diagrammatic pool-and-flux model. After completing an instruc-
tional unit—Human Energy Systems—in which students used both physically manipulated (Tiny World)
and computer-based pool-and-flux models, approximately double the percentage (over half) of students
could successfully use a pool-and flux model on the posttest. The percentage of students relying on the
least sophisticated good versus bad heuristic decreased significantly as well; only about one fifth of
students relied on this type of reasoning on the post assessment. Thus, we found that with strategic
instructional approaches aimed at scaffolding important practices, most secondary students could apply
model-based pool-and-flux reasoning to make sense of and predict changes occurring within Earth’s
carbon cycle.

Carbon TIME aims to help students recognize problems that require more than heuristic reasoning,
and to be able to use model-based pool-and-flux reasoning when they need to. While it is encouraging
that Carbon TIME learning experiences helped many students develop capacity for model-based pool-
and-flux reasoning, we are interested in exploring how educational experiences can be more successful
in this respect. To that end, we will continue our efforts to examine how students make sense of carbon
cycle pool-and-flux reasoning in the context of interactions with multiple types of models. We hope to
find ways to further refine the unit to support greater facility with important pool-and-flux reasoning
practices. Ultimately, we would like to see all participating students benefit from these activities by
developing model-based pool-and-flux reasoning that they can use in problem solving throughout
their lives.

Note

1. While calculating with this precision is problematic because the model is inconsistent with respect to precision of
fluxes, we focused our analysis on the conceptual use of the IPCC model as a reasoning tool rather than on the issue
of significant figure standards.
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