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Abstract: Engaging students in epistemic and conceptual aspects of modeling practices is crucial for
phenomena-based learning in science classrooms. However, many students and teachers still struggle
to actualize the reformed vision of the modeling practice in their classrooms. Through a discourse
analysis of 150 students’ explanatory models (as social semiotic spaces) from 14 classes, we propose
a qualitative framework that investigates conceptual coherence and epistemic discourses to achieve
a gapless explanation of scientific phenomena. Our framework draws attention to four critical
components of students’ explanatory models: (a) key ideas based on evidence, (b) the discourse
modalities of how evidence is presented, (c) scientific representations from the cultures of scientific
disciplines, (d) systems thinking approaches directly and indirectly related to oceans and marine
ecosystems. Our results indicate that students struggled to construct cohesive explanatory models
that communicated all key ideas and the relationships among them, with the majority of student-
developed models in our study categorized as ‘insufficiently’ cohesive (lacking key ideas and the
relationships among them), and only a small percentage of the models considered ‘extensively’
cohesive (all key ideas attended to, as well as the relationships among them).

Keywords: explanatory models; climate science; epistemic discourse; conceptual coherence

1. Introduction

Models are significant tools for making sense of our world and what lies beyond. In
modern science, models are critical for learning, developing, evaluating, and communicat-
ing scientific knowledge [1,2]. Scientists develop and use models for a variety of purposes,
such as theoretical exploration, explanation, and prediction [3,4]. For decades, models have
been a vehicle for learning science in K-12 classrooms and have been a topic of research in
science education [5–7]. Modeling practice regained a new emphasis in science education
when a framework for K-12 Science Education [8] and the Next Generation Science Stan-
dards [9] suggested modeling as one of the key scientific practices that help students make
sense of scientific phenomena. These two documents recommend a progressive use of mod-
els and modeling across all K-12 grades that develops from drawings of simple diagrams
at the earliest grades to multimodal representations of complex or abstract phenomena.

Despite the increased attention to the role of models in student learning and authentic
engagement in science, in many classrooms, the development and use of modeling practices
are limited to routinized activities, including drawing components of a cell or writing the
steps of an insect’s life cycle [10]. While these routinized activities can serve to accomplish
the goals of traditional schooling [11], they might not help students understand how
scientists make sense of scientific phenomena by engaging in modeling [12]. Long-standing
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research on modeling suggests a change in students’ roles in the modeling process. Scholars
recommend a shift from students’ passive use of models as simple representations to
students’ active use of models, such as figuring out phenomena through social interaction
in the classroom environment (e.g., [5,7,13]). This active involvement is achieved by
highlighting the epistemological aspects of the modeling practice in science classrooms
where students act as producers and evaluators of scientific knowledge. Emphasis on
epistemic aspects of the modeling practice requires students’ meaningful engagement
where they are active participants in constructing and iteratively revising models based on
evidence (e.g., [13–15]).

In order to successfully develop curricula and professional learning materials to align
with this vision, there is a need to understand how students develop models through
iterative revisions in the reality of science classrooms [16]. Authentic classroom environ-
ments can be a platform for showing challenges to the implementation of research-based
ideas. In addition, the unique background of students can help researchers to identify
diverse ways of student participation in the construction of knowledge through modeling
practice. To this end, we worked with 14 classes where students engaged in constructing
explanatory models. Explanatory models are tools that provide students opportunities to
communicate their initial conceptions and integrate and revise these ideas with evidence
collected through investigations, observations, and credible resources to gain explanatory
power. These models can include inscriptional and written discourses to explain how and
why phenomena occur [17,18]. The explanatory models were a critical part of a module on
the impacts of climate change, and students worked to develop models that explained the
impact of increasing atmospheric carbon dioxide on oyster larvae.

The NGSS became the first set of national standards in the U.S. that made climate
change an explicit topic to be taught in classrooms [9]. This focus on climate change in
the standards was timely as the scientific consensus is that climate change is real, and the
increase in atmospheric CO2 due to the burning of fossil fuels is the main reason for the re-
cent climatic change (e.g., [19]). Despite strong evidence, climate change is still represented
as a controversial topic by the media [20] and most classroom teachers [21]. Understanding
climate change claims requires background knowledge from various disciplines due to
its interdisciplinary nature [22]. For example, when making sense of the impacts of ocean
acidification on marine life, one needs to understand ocean chemistry, the biological cycle
of marine animals, and the economic impacts on fisheries. Supporting evidence or positions
of climate change require a systems thinking approach to understand the relationships
between these and other interdisciplinary components [23]. Due to its complex (assumed)
controversial nature, making sense of climate change claims creates a unique challenge.
To tackle this challenge in their classrooms, teachers need guidance and supporting ma-
terials. In order to design activities and supporting materials, it is critical to start with an
exploration of how students model climate-change-related phenomena in their classrooms.

Our study explored how students’ models represent human-induced climate change
with respect to ocean acidification and oysters. We analyzed 150 explanatory models from
14 science classes to investigate whether and how epistemic practices were utilized to build
coherent explanations of ocean acidification and its impacts on oyster larval development.
In addition, we propose an analysis framework for explanatory models that is aligned with
NGSS and that attends to multidisciplinary complex issues in science. Our intention is
to develop a qualitative analysis framework practitioners can use as a feedback tool to
improve real classroom practice.

2. Background
2.1. Modeling as an Epistemic Practice of Science and in Science Classrooms

Scientists work within the norms of their disciplines that are socially agreed upon by
the members of that discipline [24]. The epistemic nature of scientific practices emphasizes
how scientists work within the cultural norms of their disciplines to construct scientific
explanations [25,26]. Gouvea and Passmore [27] assert that a shift in K-12 classrooms
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toward emphasizing epistemic goals is particularly important for the practice of devel-
oping and using models. The traditional use of models in science classrooms reflects the
known components of scientific phenomena (i.e., models of), such as students imitating
the structure of DNA by focusing on its representational nature. Instead, Gouvea and
Passmore [27] suggest a modeling practice in classrooms where there is a focus on learning
the functions and relationships of the components of DNA, and in which the model is
a tool for relationship building to explore and explain the nature of scientific phenomena
(i.e., models for). The focus on the latter (models for), helps students understand the epis-
temic functions of the models. These epistemic functions help students understand how
scientists develop, evaluate, and represent evidence through their models [28]. Researchers
argue that shifts such as these (where students collectively work towards epistemic goals)
require an immense amount of instructional support [29], and teachers need support to
learn to scaffold these instructional environments [30]. Despite these calls for an instruc-
tional shift toward epistemic understanding, researchers found that the modeling practice
where students actively contribute to the development of the models (models for) has
rarely been integrated into science classrooms in elementary and middle schools. Most
models continue to be used as illustrative or communicative devices (models of) that do
not incorporate students’ contributions [7]. We therefore chose to build our module around
the use of explanatory models that allow students to integrate their ideas (models for) to
support their learning regarding the impact of climate change.

To support teachers and students in developing high quality explanatory models in
science classrooms, it is crucial to understand the epistemic norms highlighted in what
are characterized as “good models” in scientific disciplines [31] (p. 486). Philosophers of
science found that good models are evidenced-based and have explanatory power, with
appropriate details and complexity of ideas that are directly related to the topic studied
(e.g., [32–35]). Most effective models also communicate a variety of modes of representation,
such as pictures, diagrams, and tables (e.g., [34,36]), to sequence and connect ideas [37] and
integrate data [38].

Learning progression studies on the modeling practice contribute to another important
area of research that informs the epistemic aspects of the modeling practice for science
classrooms [39–41]. These studies provide a framework that can be used by teachers to
engage their students in epistemic considerations. These considerations include how well
student models use evidence relevant to the claim, how coherently they explain the related
scientific phenomena, how diverse semiotic tools (e.g., written or drawn discourses) are
utilized to effectively communicate to audiences, and how a model is revised to improve
its explanatory or predictive power. In addition, these studies highlight how models can
represent a variety of scientific phenomena that are meaningfully connected for a coher-
ent explanation. Bamberger and Davis’ study [39] provided a framework where models
progressed from static representations of visible components of a phenomenon to mecha-
nistic representations where both the visible and invisible features were used to explain
the relationships and processes related to the phenomenon. In the mechanistic models,
students also showed comparisons of different situations, such as models of the smell of air
fresheners in warmer and cooler temperatures, and specifically labeled representations to
clarify abstract components of models, such as labeling the air modules.

For successful mechanistic models, it is important to allow students to use multiple
representations (e.g., drawing, writing) in communicating their ideas [42,43]. Drawn
models have shown advantages in promoting creative ways of expressing scientific ideas
and relationships between the ideas. The drawn models can also remove language barriers,
resulting in a more equitable and inclusive learning tool [44]. While written models tend
to be more restricted in the ways ideas can be expressed, written information on models
with drawings can enhance the clarity of the drawn representations [45]. To respond to
the unique learning demands of individual students, researchers suggest giving students
the freedom to select the form of their expression [44]. Students who can take advantage
of using different modes of representation can have the opportunity to show a “deeper



Educ. Sci. 2023, 13, 496 4 of 26

understanding” of phenomena [46] and develop epistemic agency while taking part in
shaping knowledge construction on the models [29].

Despite more than a decade of research on epistemic aspects of modeling practices,
teachers and students still hold a limited understanding of this practice. Therefore, they
struggle to engage in modeling as an epistemic practice where their initial ideas and
observed evidence are iteratively built into a mechanistic model. The student models often
lack the representation of abstract components and the connections between ideas to show
a coherent explanation [16,47]. We propose that an in-depth analysis of student-developed
models can provide insight into why teachers and students continue to struggle with
attending to the epistemic aspects of modeling in science classrooms.

2.2. Engaging in Models for a Systems Thinking Approach to Climate Change

The climate crisis is one of the top concerns for today’s youth [48]. The youth are
already experiencing the impacts of climate change in their daily lives and are exposed to
conflicting claims about the causes and impacts of the changing climate [49]. While NGSS
positioned science classrooms as a space where the youth can learn about climate change,
such instruction is limited due to a lack of teacher education and knowledge regarding
the complexity of the issue [21]. Understanding complex climate-related phenomena
requires a systems thinking approach that attends to the interconnectedness of the ecological
systems and living things [50]. While there is not a single definition of systems thinking,
Senge [51] defines it as a “framework for seeing interrelationships rather than things,
for seeing patterns of change rather than static ‘snapshots’” (p. 68). Adding on to this
definition, Davidz and Nightingale [52] view systems thinking as an approach to analyze,
interpret, and understand these interrelationships and patterns, rather than their pieces
and parts [53]. By seeing the world as a whole, systems thinking provides a means to
tackle the world’s most complex problems from interdisciplinary and multidisciplinary
perspectives [54], and using a systems thinking approach to solve complex issues in today’s
world requires multidisciplinary knowledge. For example, experts in economics, life
sciences, bioengineering, sociology, and psychology work together to improve public
health [55]. Similarly, many disciplines and stakeholders are involved in climate adaptation.
While climate data collected by scientists over the years are critical in determining climate
action, these data sets will only translate to meaningful adaptation plans when human and
social systems are considered [56].

Due to the abstract nature of many system components and interrelationships, qual-
itative and quantitative modeling are both practices that can help scientists in making
systems thinking visible [57]. While qualitative models may help learners grasp initial
concepts [58] and explain system-wide phenomena [59], quantitative models can be used
to focus on mathematical relationships that predict the behavior of the system [60]. The
framework [8] and the NGSS [9] highlight the importance of studying systems and the
modeling of these systems as some of the key crosscutting concepts for K-12 science educa-
tion. The performance expectations of NGSS across K-12 grades draw attention to systems
at different scales, e.g., from the circulatory system to the ecosystem, and highlight the
importance of scaffolding students as they learn about these systems with their boundaries.
The framework [8] suggests that students show their understanding of a system and raise
questions about the system while engaging in the modeling practice. Further, “student-
developed models may reveal problems or progress in their conceptions of the system, just
as scientists’ models do” (p. 94). Drawing from the framework’s focus on systems mod-
eling, NGSS highlighted some performance expectations that call for designing activities
where models are used to explore and explain systems. These performance expectations
were implemented across various disciplines of science, including the ones related to Earth
Sciences. For example, middle school science (standard 2–6) expects students to engage in
modeling to investigate the “unequal heating and rotation of the Earth” and its impacts on
“patterns of atmospheric and oceanic circulation that determines regional climates”.
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In our project, we focus on the world’s oceans as a system and develop materials
to engage students in modeling an explanation for how ocean acidification (a result of
increasing atmospheric CO2) will impact oyster larvae. One reason for this focus is the
critical role of oceans and marine organisms at the global scale. The majority of the Earth’s
surface is covered by oceans that are critical for all life, including humans. Although oceans
act as carbon sinks by absorbing CO2, this additional CO2 in oceans increases acidification
levels, which can threaten the lives of marine organisms. The increasing ocean acidification
affects the growth of oysters, which may directly and/or indirectly impact the lives of many
organisms by disturbing the food web [61]. Another reason for our focus on oceans and
oysters considers the local scale. As shown in previous studies, locally relevant phenomena
can lead to increased student interest while providing meaningful contexts for science
learning [62]. The students who participated in this study are from a region that is in close
proximity to the ocean and communities with strong ties to oysters (as a food source, and
a means to reduce water pollution).

2.3. Research Questions

Using student-developed models as our primary data set, we aimed to examine
epistemic discourses, i.e., how key ideas are represented with evidence, how the pieces
of evidence are connected to build a coherent explanation, and how a systems thinking
approach helps improve students’ explanatory models. Specifically, we asked the follow-
ing research questions as part of our analysis of explanatory models developed during
a classroom module on ocean acidification and oysters:

In what ways do students communicate key ideas, based on evidence, in their
explanatory models?

How do students use evidence to support the building of conceptually
coherent explanations?

What systems thinking ideas do students utilize to strengthen their explanatory models?

3. Design and Methods
3.1. Context of the Study

This study was part of a larger project funded by the National Science Foundation to
support the integration of climate change into secondary science curricula. For this project,
scientists, researchers, teacher educators, and teachers worked together to design a cli-
mate change module called Ocean Acidification and Oysters for use in secondary science
classrooms. This module is designed for both middle (11–14 years of age) and high school
classrooms (14–18 years of age). While the main investigations are the same, the high school
version has expansions with additional videos and readings to align with the progression
suggested in the standards. As part of the development process, researchers recruited
22 secondary science teachers from 7 school districts in a single state in the United States
to engage in a professional learning experience that included piloting the module in their
classrooms. The NGSS practice of ‘Developing and Using Models’, a focal point of the
Ocean Acidification and Oysters module, is the focus of this study. In total, 12 of the
22 teachers who participated in the professional learning experience provided student arti-
facts for this study (2 of those teachers provided student artifacts from 2 different classes,
for a total of 14 classes represented). Table 1 provides the demographics of the schools in
which these classes were located. The teachers we recruited for the study vary in terms of
their years of experience in teaching and integrating climate science into their curriculum
(Table 2).
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Table 1. Demographic of Science Classes Participated in the Study.

Teacher
Pseudonym

Grade and
Course Type

# Student- Groups
Creating

Explanatory
Models

School
Location

Demographics (Percentages) of Student Population

White Asian African
American Hispanic American

Indian
HI/

Pac. Isl. a
Two/More

Races

Avery 9 7 Rural 81.0 1.1 8.2 6.8 0 0 2.7
Denmark 7 5 Suburban 49.6 5.8 25.2 13.2 0 0 5.6

Dylan 8/8GT b 6/7 Urban 1.0 0.2 93.9 4.6 0.1 0.2 0.2
Haverford 7 6 Suburban 2.1 2.4 88.2 3.9 0.2 0 3.3

Kelsey 6 13 Suburban 49.6 5.8 25.2 13.2 0 0 5.6
Libby 6 21 Urban 53.2 5.0 17.6 17.8 0 0 6.1
Lopez 8 Honors 8 Suburban 82.5 4.9 3.0 6.9 0 0 2.2
Munz 9–12 AP c 11 Rural 78.6 0 7.1 9.2 0 0 4.2

Sandoval 8 GT Env. d 5 Suburban 19.3 4.5 62.6 9.5 0 0 3.5
Smith 6 6 Suburban 82.6 0.0 7.2 5.1 0 0 3.1

Thomas 10/10 Inc. e 6/38 Suburban 82.7 2.4 5.5 4.5 0 0 4.3
Williams 9 11 Rural 90.5 1.3 2.0 2.4 0 0 3.4

# stands for Number, a HI/Pac. Isl. stands for Hawaiian/Pacific Islander, b GT stands for Gifted and Talented,
c AP stands for Advanced Placement, d Env. stands for Environmental, e Inc. stands for Inclusive classrooms.

Table 2. Participants’ Years of Teaching Experience in Science and in Climate Change.

Teacher Years Teaching Experience Teaching Climate Change
Avery 23 No

Denmark 17 Yes
Dylan 15 No

Haverford 7.5 No
Kelsey 10 No
Libby 8 No
Lopez 7 No
Munz 12 No

Sandoval 16 Yes
Smith 17 No

Thomas 17 No
Williams 11 Yes

The science teachers who implemented the Ocean Acidification and Oysters module
participated in a professional learning experience that included a full-day 8-h, in-person,
pre-implementation workshop that introduced teachers to the lesson; there was also a half-
day 4-h, in-person, post-implementation workshop. During the first in-person workshop,
the teachers engaged in the Ocean Acidification and Oysters module as learners, learned to
navigate the teacher guide, and participated in an interactive presentation with an ocean
scientist. At the end of the first workshop, participants were provided with a kit that
contained all the necessary materials (equipment, reagents, printed readings, and student
graphic organizers) to implement the module in their classrooms. The support during
the implementation period included emails or phone calls with the design team members,
classroom visits, and a shared Google Drive of reliable scientific resources. During the post-
implementation workshop, teachers reflected on their implementation, analyzed example
student work on scientific modeling, and interacted with climate change education scholars.

3.2. Data Sources of the Study

In order to understand how students build a coherent explanation while engaged in the
epistemic aspects of modeling practices, we utilized 150 explanatory models from 14 science
classes of teachers who participated in the professional learning experience as our primary
data source. To develop a framework for our analysis, we utilized complementary data
sources of student artifacts (e.g., student argumentative writings, investigation protocols)
as well as artifacts from the workshop (e.g., teacher implementation feedback forms,
recordings of the teacher workshops). The Ocean Acidification and Oysters module was
designed around a phenomena-based driving question of: How might increasing levels
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of CO2 affect Oysters? (which was further broken down into two more narrowly focused
‘investigative’ questions). The module is divided into four main activities (Figure 1), with
students working in small groups to create and continually revise an explanatory model that
answers the driving question. In the first introductory activity, ‘All about Oysters’, students
access a variety of resources (readings, videos, discussions) to learn about oysters. Students
learn how oysters reproduce, consider their role in the ocean ecosystem, and discover
that they use carbonate and calcium ions to build their shells. They then create an initial
explanatory model that incorporates any prior knowledge they may have on oysters as well
as information learned during the activity. In the next activity, ‘Carbon Dioxide and pH’,
students engage in the NGSS science practice of ‘Planning and Carrying out Investigations’
to answer the investigative question “What effect does increasing atmospheric CO2 have
on ocean pH?”. Students learn that CO2 decreases the pH of oceans, resulting in a more
acidic environment. Results from this activity are then incorporated into their explanatory
models. In the third activity, named ‘Carbonate Challenge’, students explore carbonate
chemistry to answer the investigative question “How does increasing the amount of CO2 in
the ocean affect oyster larvae’s ability to build shells and survive?” Acting as larval oysters,
students attempt to gather the chemicals (calcium and carbonate, represented by different
colored plastic beads) needed to build shells in less vs. more acidified oceans and learn
that carbonate ions are less available as ocean pH decreases. Students, again, return to
their explanatory models, revising any existing information and adding what they just
learned. In the final activity, ‘Putting it all Together’, students are engaged in sensemaking
by accessing resources (readings, videos, discussions) to deepen their understanding of
how ocean acidification impacts oysters. They then add to and revise their explanatory
model a final time. Our study’s focus is limited to the final version of their explanatory
models to be able to investigate epistemic and conceptual characteristics of the variety of
explanatory models built by 150 models from 14 classes.

3.3. Data Analysis Approach

For the analysis of the 150 explanatory models, we used Dedoose, a qualitative analysis
software that allows the coding of visual artifacts. First, we uploaded all models to Dedoose
with the teachers’ pseudonyms and grade levels. Drawn from our sociocultural framework
to meaning-making and engaging in epistemic aspects of scientific practices, we saw each
explanatory model as a social space where students interact, using the semiotic resources of
discourse (e.g., technical terms, visual representations) available to them to communicate
their ideas. The focus on what and how semiotic resources are socially utilized in the culture
of science classrooms is critical to understand the meaning-making process to construct
a cohesive explanation [63–65].

To understand the students’ meaning-making process, we used a discourse analysis
process of ‘zooming in’, i.e., we analyzed the model at the micro level to look at individual
key ideas. We then utilized the discourse analysis process of ‘zooming out’, i.e., analyzed
the explanatory model at the macro level to assess the cohesiveness of the explanation
communicated in terms of the whole model. The first step was zooming in to highlight
key ideas and label each key idea with a specific name, such as ‘CO2 Amounts’ or ‘Energy
Expenditure in Shell Building. For each key idea, we also looked at the discourse modality
(a parent code) of how it was presented in the model, such as ‘Written’, ‘Drawn’, or ‘Data
Table’ (child codes). We then highlighted the semiotic resources typically used by scientists
to code for scientific representations (a parent code) that included the use of arrows and
circles for molecules. Finally, we zoomed in again to highlight and code semiotic resources
that showed a systems thinking approach where students made a link between what is
happening in the ocean system in relation to other systems (e.g., atmosphere) or living
things (e.g., land plants).
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Figure 1. The sequences of activities that make up the Ocean Acidification and Oysters module and
support Explanatory Model development by students to answer the driving question “How might
increasing levels of CO2 affect Oysters?”.

Figure 2 provides a visual example of the coding scheme iteratively developed using
Dedoose software. Figure 2, on the left side, shows the original image of an explanatory
model uploaded to Dedoose. Figure 2, on the right side, shows the same image with codes
applied. When an area is selected and a code is applied, Dedoose creates a light blue box.
We have added gray boxes to the image from Dedoose in three areas to illustrate the codes
that were applied in each instance. The upper gray box shows that the code for the key idea
‘pH and Acidification’ was applied to this part of the image, in addition to the modality
code ‘Written and Data Table’. The middle gray box indicates an area we coded as showing
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a systems thinking approach, where students linked what is happening in the ocean system
to the atmospheric system by drawing land plants. The lower gray box shows an example
of an area that was coded for scientific representations, specifically a chemical reaction
formula. Once we completed our micro-level analysis, we ‘zoomed out’ to the macro level
and assessed how well the model shows connections built across key ideas (cohesiveness)
to provide an explanation for the driving question of the module (e.g., extensively cohesive,
partially cohesive, etc.).
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Figure 2. Example of Coding of an Explanatory Model.

Our initial coding framework was deductively derived from the instructional materials
developed for the module (e.g., energy expenditure); the underlying ideas of the frame-
work [8] and NGSS [9], such as systems thinking; and studies on learning and teaching
about scientific models and modeling (e.g., scientific representations). Next, we utilized
a constant comparative approach to iteratively revise our codes [66]. Each explanatory
model was coded by one primary and two secondary coders. Each researcher was assigned
to ~50 models as a primary and another ~50 as a secondary coder. The primary coder
took the first turn and completed the coding of the one explanatory model in detail. The
secondary coder then reviewed and coded the same model and created memos if there
were disagreements or questions about the primary coder’s decisions. Hence, each model
was coded twice. After each model was coded twice, we calculated the inter-reliability by
using the percent agreement (PA) formula: PA = NA/(NA + ND) × 100 [67], where NA is
the total of agreements and ND is the total of disagreements between the two coders. The
PA value ranged from 80.3% to 94.7% for the 150 explanatory models. All disagreements
raised between the primary and secondary coders were discussed at the weekly research
meetings with a third researcher until 100% agreement was reached for all codes.

4. Findings

We organize the findings into three subsections, each of which responds to a specific
research question. In the first section, we respond to our research question on the ways
key ideas are communicated in explanatory models. We explain the primary activities that
are a source for the key ideas and present how often each key idea was communicated.
We further provide information on the discourse modalities and scientific representations
used to present the key ideas. The second section responds to research question two on the
coherence of the explanations constructed in the explanatory models. In this section, we



Educ. Sci. 2023, 13, 496 10 of 26

provide examples of the levels of cohesiveness determined through qualitative analyses of
the student models. Finally, our third section responds to the research question on systems
thinking approaches students utilized to explain the impact of ocean acidification beyond
oceans and oysters.

4.1. Models as Epistemic Tools for Communicating Key Ideas Based on Evidence

Our coding across all explanatory models, which resulted from the Ocean Acidification
and Oysters module, helped us identify which key scientific ideas were communicated by
the students in the models and how often these ideas were included in the models. Under
the parent code, ‘key ideas based on Evidence’, we identified eight key ideas (child codes)
(see Table 3) based on the four module activities (see Figure 1 for the explanation of four
activities). These key ideas were derived from specific ideas covered in the module, such as
‘CO2 Amounts’ and ‘Chemistry of Shell Building’. A total of 1924 instances representing
the eight key ideas were found. If a key idea appeared multiple times in a model, each
instance was coded separately. For example, we coded the ‘pH and Acidification’ key
idea twice when students included: (1) a data table from their pH and Acidification
investigation that showed a decrease in pH levels when students added more CO2 to their
liquids and (2) drawings of different numbers of pH symbols on each side of the model.
Table 3 presents frequencies for each key idea to demonstrate how often each key idea was
attended to across models from a variety of classroom settings. Furthermore, we counted
the occurrences/frequencies of each modality (e.g., ‘Drawn’, ‘Written’) that students used
to communicate the key idea (Table 3). Since students were given the flexibility to choose
how to include their ideas, a variety of modalities were present. The majority, however,
were ‘Just Written’, ‘Just Drawn’, or ‘Written and Drawn’. Rarely, students decided to
use data from the ‘Carbon Dioxide and pH’ and ‘Carbonate Challenge’ activities in the
modality of ‘Data Table’, ‘Written and Data Table’, or ‘Drawn, Written and Data Table’.
Below we provide descriptions of how the students communicated these key ideas in their
explanatory models.

Table 3. Frequencies of Key Ideas and their Modalities in Explanatory Models.

Key Ideas
# Explanatory

Models
(Out of 150)

Drawn Written Drawn &
Written

Data
Table

Drawn &
Written &
Data Table

Written &
Data
Table

# Total Codes
(Out of 1928)

Energy
Expenditure in
Shell Building

145 127 189 146 1 0 1 464

CO2 Amounts 131 112 229 115 0 0 2 458
pH and

Acidification 117 30 217 77 9 1 7 341

Carbonate
Availability 85 52 84 35 1 3 5 180

Source of CO2 74 68 33 44 0 0 0 145
Chemistry of Shell

Building 71 11 73 50 1 1 3 139

Carbon Cycle 65 32 51 40 0 0 0 123
Oysters Filter Water 41 2 52 24 0 0 0 78

# stands for “Number”.

We present our findings by explaining each of the key ideas as a subsection of the
related activity that served as a primary source of learning about Ocean Acidification
and Oysters in their classrooms. We organized the results by activities designed as the
primary source of evidence for the key ideas under each section. However, we acknowledge
the possibility that students did not necessarily learn these key ideas in a linear fashion.
Moreover, while all eight key ideas were intended to be addressed in at least one of the four
activities, students may also be bringing these ideas from other sources (e.g., pre-existing
knowledge, external media, or teachers may have chosen to use them during the lesson).
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4.1.1. Student Designed Investigation on Change in CO2 Amounts and pH Levels

For this activity, students were provided with beakers, straws, saltwater, and pH test
strips and challenged to plan and carry out an investigation to explore the effect of CO2 on
the pH levels of saltwater. This activity was intended to highlight the following key ideas:
‘CO2 Amounts’ and ‘pH and Acidification’. Below are the explanations of the frequencies
of these two main key ideas and the modalities that students used in their models while
doing this activity.

CO2 Amounts: Our analysis (in Table 3) showed that 87% (131/150) of the explanatory
models included reference to the key idea of ‘CO2 Amounts’. Across all models, we
coded a total of 458 occurrences of the key idea of ‘CO2 Amounts’. Half (229/458) of the
representations were made using the modality ‘Written’ (e.g., the phrases “more CO2”
and/or “less CO2” were written on the explanatory model). Approximately a quarter (24%)
of the occurrences were made using the modality ‘Drawn’. For example, students drew
circles or dots to represent amounts of CO2. Another quarter of the representations were
a combination of ‘Drawn and Written’ (e.g., drawing circles that represented amounts of
CO2 and writing a sentence that explained the amount of CO2).

pH and Acidification: Differing pH and acidification levels in less acidic vs. more
acidic oceans was a key idea students included in 78% (117/150) of the models based on
their observations during the ‘Carbon Dioxide and pH’ activity (Table 3). Counting all
occurrences across models, this idea appeared 341 times in all student models. While 64%
(217/341) of the instances showed this idea in the modality of ‘Written’, 23% (77/341) of
the instances showed this idea by the combination of the modalities ‘Written and Drawn’,
9% of the instances showed the use of the ‘Drawn’ modality by drawing H+ molecules and
abbreviations of pH, and 3% used the ‘Data Table’ modality. There was only one occurrence
(0.3 %) of the combined ‘Drawn, Written, and Data Table” modality for this key idea.

4.1.2. Physical Interactive Model on Carbonate Challenge Activity

For this activity, students were given two large plastic bowls. One represented a less
acidic (i.e., healthy) ocean and the other represented a more acidic (i.e., unhealthy) ocean.
Both bowls were filled with soft, absorbent polymer beads (hydrated with water) of various
colors that represented the ocean, white plastic snap beads that represented calcium ions,
and black plastic snap beads that represented carbonate ions. The unhealthy ocean included
fewer black snap beads to represent the unavailability of carbonate ions in more acidic
oceans. In pairs, students were challenged to ‘build’ as many calcium carbonate molecules
as they could in at least two 30 s rounds (by snapping together a single white plastic
bead and a single black plastic bead) for each ocean type (healthy versus unhealthy).
During the activity, students collected data on how many calcium carbonate molecules they
‘built’ in the healthy and unhealthy oceans for each round. This activity was designed to
demonstrate what happens when ‘Carbon Availability’ differs and its effects on ‘Energy
Expenditure in Shell Building’. Moreover, the activity was designed to illustrate the basic
chemistry of calcium carbonate bonding during the building of oyster shells. Below are
the explanations of frequencies of the main key ideas and modalities that students used in
their models after doing this activity.

Carbonate Availability: Carbonate ions are critical in oysters’ shell-building activ-
ity. Around half of the student models (56%) communicated the key idea of ‘Carbonate
Availability’ (Table 3). These models typically included more carbonate ions in the healthy
oceans. On the contrary, the unhealthy oceans were depicted as having fewer carbonate
ions, some of which were attached to hydrogen ions and not available to the oyster larvae.
This code appeared 180 times across all models. In the majority of these occurrences,
students used the modality of ‘Written’ to convey the availability of carbonate ions to
oyster larvae in healthy and unhealthy oceans (47%). More than a quarter (29%) of the
instances used the modality of ‘Drawn’ and 19% of instances were a combined modality
of ‘Drawn and Written’ to illustrate the availability of carbonate ions. Rarely, students
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included a ‘Data Table’ (0.6%), a combination of ‘Drawn, Written and Data Table” (1.67%),
and a combination of ‘Written and Data Table’ (2.78%).

Energy Expenditure in Shell Building: Oyster larvae need calcium carbonate to build
healthy shells. Lack of access to these nutrients can lead to weakened shells that negatively
affect the growth of oysters. This key idea was included in 95% (145/150) of the explanatory
models, making it the most highlighted key idea in the explanatory models (Table 3). This
key idea appeared 453 times across all models and was mostly presented using the ‘Written’
modality (42%). An example of this modality is “If oyster or oyster larvae can’t build
shells, they will die or they will look messed up”. More than a quarter (28%) of these
instances were categorized as ‘Drawn’. For example, students drew happy or sad shells,
strong shells, weak or cracked shells, or used a combination of modalities of ‘Drawn and
Written’ (32%) to convey how hard or easy it is to build shells. We noticed one occurrence
where students used the modality of ‘Data Table’ and one occurrence where they used the
combined modality of ‘Data Table and Written’ to convey this key idea.

Chemistry of Shell Building: Around half (47%) of the explanatory models showed
calcium or carbonate, or both (calcium carbonate) and linked the appearance of the ions to
oyster/oyster larvae development (Table 3). Only 12% of these models also included the
complete chemical reaction of ocean acidification. The ‘Chemistry of Shell Building’ key
idea was coded 139 (91%) times. Around half (53%) of the codes were presented using the
modality of ‘Drawn’ and 36% were a combined modality of ‘Written and Drawn’. Some
codes (8%) were categorized as ‘Drawn’. In rare instances, students integrated data they
collected during the ‘Carbonate Challenge’ (e.g., a count of black and white beads snapped
together to represent calcium carbonate molecules they ‘built’). There was one instance of
this using the modality of ‘Data Table’, and another single instance using a combination of
‘Data Table, Written and Drawn’. Finally, there were three instances where this was shown
using the combination of modalities ‘Data Table and Written’.

4.1.3. All about Oysters and Putting It All Together Activities

These opening and ending activities included reading and video resources. Readings
and video sources were prepared and adapted in collaboration with scientists and teachers
and were used to introduce the driving question “How might increasing levels of CO2
affect Oysters?”; attending to the students’ prior knowledge and questions was important.
Readings during the initial ‘All about Oysters’ activity were th major source of the key ideas
‘Sources of CO2’, ‘Carbon Cycle’, and ‘Oysters Filter Water’. These key ideas are discussed
below. Readings in the final ‘Putting it all Together’ activity were also a major source for
advanced chemical formulas for ocean acidification (which we discussed in Section 4.1.2).
Finally, the readings in both of these activities had the role of enhancing the learning of key
ideas as a complimentary resource.

Sources of CO2: We applied this code when students made a clear connection between
burning fossil fuels and increased CO2. Almost half (49%) of the explanatory models
addressed the key idea of ‘Sources of CO2’, with 145 instances that made references to this
key idea (Table 3). Around half (47%) of these instances were in the modality of ‘Drawn’,
23% of these instances were ‘Written’, and 30% were in combinations of ‘Written and
Drawing’. To communicate this idea, students often drew and/or wrote cars, factories, and
smokestacks next to each other as sources of CO2.

Carbon Cycle: This key idea attended to how the change in atmospheric CO2 leads
to changes in CO2 levels in the ocean. Less than half (43%) of the explanatory models
communicated this key idea (Table 3). Across all models, we saw 123 instances attending
to the ‘Carbon Cycle’ as a key idea. Around a quarter (26%) of these instances were in the
modality of ‘Drawn’, 41% of these instances were ‘Written’, and 33% were combinations of
‘Written and Drawn’.

Oysters Filter Water: Instances that were categorized under this key idea provided
evidence about oysters’ role in ecosystems. Only 27% of the explanatory models attended
to this key idea (Table 3). There were a total of 78 occurrences of the code ‘Oysters Filter
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Water’. Of these instances, 67% were in the modality ‘Written’, 30% were in combinations
of ‘Written and Drawn’, and 3% were ‘Drawn’. Students often communicated this idea
to show how larger oyster populations lead to healthy, clean water while smaller oyster
populations lead to unhealthy, dirty water.

4.1.4. Scientific Representations Used in Students’ Explanatory Models

In addition to looking at the modality of key ideas in the explanatory models, we
looked at what known scientific representations students decided to utilize in communi-
cating the key ideas (Table 4). In this study, we use the term ‘scientific representations’
for semiotic tools (e.g., language tools, visuals) that have been traditionally used only in
scientific or academic publications. We see explanatory models as semiotic social spaces
that are affected by culture. As a result, we wanted to examine students’ use of semiotic re-
sources connected to the culture of science. The ‘Molecular Formula’ (201, 34%) or ‘Written
Molecule/Element Names’ (195, 33%) were the two most utilized scientific representations
in the models. Although rarer, students also utilized ‘Circles’ (45, 8%) or ‘Dots’ (5, 1%)
as representations of molecules or elements. Some models included ‘Chemical Reaction
Formulas’ (37, 6%), mostly to explain the acidification process. In addition, similar to many
scientific models, students used ‘Arrows for Processes and Relationships’ to illustrate the
process of how oyster larvae build shells or to show how key ideas relate to other key ideas
(70, 12%). We also noticed that some students included a ‘Key or Label’ for the visuals used
in their models (39, 7%).

Table 4. Scientific Representations Used in Explanatory Models.

Key Ideas Molecular
Formula

Written
Molecule/

Element Names

Arrows for
Processes and
Relationship

Key or
Label

Chemical
Reaction
Formulas

Dots For
Molecules

Circles as
Molecules

CO2 Amounts 49 12 11 8 2 2 9
pH and Acidification 62 30 13 3 22 1 8

Carbon Cycle 9 6 22 1 1 1 2
Chemistry of
Shell Building 32 53 4 4 4 0 11

Energy Expenditure in
Shell Building 23 44 8 14 3 0 7

Oysters Filter Water 1 1 1 1 0 1 1
Carbonate Availability 20 48 4 2 5 0 7

Source of CO2 5 1 7 6 0 0 0
Total # of Scientific

Representations 201 195 70 39 37 5 45

# stands for “Number”.

We reviewed each explanatory model as a whole with respect to how well it provided
a coherent and gapless explanation for our driving question, “How might increasing levels
of CO2 affect Oysters?” In addition, our identification of cohesiveness included looking
at responses to the modules’ two investigative questions: “What effect does increasing
atmospheric CO2 have on ocean pH?” and “How does increasing the amount of CO2 in
the ocean affect an oyster larvae’s ability to build shells and survive?” Our final coding
organized the models into four categories of explanation with respect to cohesiveness,
namely: extensive, sufficient, partial, and insufficient. Among the 150 explanatory models,
we found that almost half (47%) insufficiently communicated an explanation of how ocean
acidification changes with changing CO2 levels in the atmosphere and how changes in
acidification impact oyster larvae. The number of models with moderate and sufficient
explanations was almost evenly distributed (23% and 20%, respectively). Only 9% of the
models are grouped under the extensive explanations category. In the following subsections,
we explain the criteria for each of the four cohesiveness categories and utilize an example
model for each category to illustrate how we assigned cohesiveness codes to models. We
have labeled each of the example models below (Figures 3–6) with a combination of Arabic
numerals and letters (e.g., 1b, 10a) to guide the reader through a sequence (numbers) of
key ideas (letters) identified in the model that answer the module’s driving question. Key



Educ. Sci. 2023, 13, 496 14 of 26

ideas presented in the model include: a = ‘CO2 Amounts’, b = ‘Source of CO2
′ c = ‘Carbon

Cycle’, d = ‘pH and Acidification’, e = ‘Energy Expenditure in Shell Building’, f = ‘Oysters
Filter Water’, g = ‘Carbonate Availability’, and h = ‘Chemistry of Shell Building’.
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4.2. Levels of Cohesiveness in Explanatory Models
4.2.1. Explanatory Models with Extensive Explanation

Models in the ‘Extensive’ category communicated accurately, and with enough detail,
the phenomena in response to the driving question. To communicate a coherent, cohe-
sive, sequential, and gapless explanation, the models included evidence from activities to
support almost all key ideas and showed clear connections among these key ideas. The
explanatory model in Figure 3 provides an example of an extensively coherent model
which responds to the module’s driving question and its two investigative questions.
The model in Figure 3 achieves this by not only attending to all key ideas (a→h), but
also communicating the ideas in a coherent manner (1→19), using various semiotic tools
(e.g., ‘Arrows for Processes and Relationships’), discursive strategies (e.g., sequencing ideas
in a meaningful pattern), and multimodal representations (e.g., both ‘Written and Data
Table’ use).

Figure 3 depicts two contrasting scenarios: the left side depicts a scenario with less
CO2 in the atmosphere and ocean while the right side depicts an atmosphere with more
CO2 present. Both sides are framed with a title attending to the key idea ‘CO2 Amounts’
and express how it differs (less versus more) on each side (1a and 2a). On the right side
(“Atmosphere with More CO2”), the students represented the key idea ‘Source of CO2

′

by drawing a factory emitting CO2 as a gray cloud (3b). The key idea ‘Carbon Cycle’ is
depicted by an arrow showing the process of the CO2 in the gray cloud moving into the
oceans (4c). On the side depicting an atmosphere with less CO2 (left side), the students
attended to the key idea ‘Carbon Cycle’ by writing about the process of photosynthesis
(5c). They indicated that increased amounts of CO2 lead to a more acidic environment
in the atmosphere (right side, 6d, 7d) while the atmosphere with less CO2 (left side) lead
to a “more neutral pH” (8d). The students used several modalities to express their ideas
throughout their model development. For example, when addressing the key idea of
‘pH and Acidification’ the students used the modality of providing ‘Data’ (6d, 9d) which
they collected during the module’s activities, as well as the modality of ‘Written’ (7d,
8d). The students addressed the key idea of ‘Energy Expenditure in Shell Building’ by
providing both ‘Written’ explanations (10e, 11e, 12e) and ‘Drawings’ (13e, 14e). They used
two modalities (‘Written and Data’; 18h) to connect the key ideas of ‘Energy Expenditure
in Shell Building’ and ‘pH and Acidification’. The students attended to the key idea of
‘Oysters Filter Water’ by writing “less water filtration” (15f). The key idea of ‘Carbonate
Availability’ was addressed by drawing fewer hydrogen and bicarbonate ions on the side
depicting the atmosphere with less CO2 (left side, 16g) versus drawing more ions on the
side of the model depicting an atmosphere with more CO2 (right side, 17g). Finally, the
students explained the idea of the ‘Chemistry of Shell Building’ using the ‘Written’ modality
(18h) and using a ‘Chemical Reaction Formula’ (19h).

4.2.2. Models with Sufficient Explanation

We labeled the next level of cohesiveness as ‘Sufficient’. Similar to the ‘Extensive’
category, models categorized as ‘Sufficient’ included mostly-complete explanations of the
driving question. However, unlike the ‘Extensive’ categories, these models lacked and/or
misrepresented more than one key idea. They also tended to include fewer pieces of
evidence from the module’s activities.

Figure 4 represents a student model with a ‘Sufficient’ explanation. While the students
did not attend to the key ideas of the ‘Sources of CO2’ and ‘Oysters Filter Water’, their model
responded to the two investigative questions. In response to the first question, the model
explains how the amount of CO2 leads to increased acidity with hydrogen ions. In response
to the second investigative question, the students presented how a change in acidification,
i.e., change in the number of hydrogen ions, led to decreased carbonate availability and
affected oysters’ intake of carbonate ions for healthy shell development. Similarly to the
previous example, the model portrayed two sections with different CO2 amounts in the
atmosphere. The title of each side shows the key idea of ‘CO2 Amounts’ (1a and 2a). The
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model attended to the same key idea by also drawing more dots (left side, 3a) and fewer
dots (right side, 4a) to represent the CO2 molecules in the atmosphere. The students then
attended to the key idea of the ‘Carbon Cycle’ by drawing arrows (5c) and using a written
explanation (6c) to describe how atmospheric CO2 will end up in the ocean. To attend to the
way in which the key idea of ‘CO2 Amounts’ relates to the key idea of ‘pH and Acidification’,
the students wrote “Carbon Dioxide + Water creates Hydrogen” (left side, 7d), and “less
Hydrogen created” (right side, 8d). In addition, the students drew hydrogen ions (red sad
faces) in higher numbers on the left side (9d) as compared to the right side (10d). The model
showed the key idea ‘Energy Expenditure in Shell Building’ in different modalities. Using
the ‘Written’ modality, the students mentioned the ease (11e) or difficulty (12e) of growing
oyster shells. Using the ‘Drawn’ modality, the students represented a relatively smaller
number of jagged (presumably weaker) looking shells in the “More CO2” environment
(13e) and a higher number of rounded (presumably healthier) looking shells in the “Less
CO2” environment (14e). The key idea of ‘Carbonate Availability’ was represented by
drawing carbonate ions (green smiley faces) in relatively lower numbers on the left side
(15g) and higher numbers on the right side (16g). Finally, the students represented the idea
of ‘Chemistry of Shell Building’ by drawing hydrogen ions (red sad faces) holding onto
carbonate ions (green smiley faces) (17h) and leaving more carbonate ions available on the
right side (18h). The students also provided a brief written discourse, “hydrogen steals
carbonate”, to communicate this key idea (left side, 19h). While the explanation sufficiently
addresses the question, it is missing the two key ideas of ‘Source of CO2’ and ‘Oysters Filter
H2O’ and provides less information about the importance of oysters in the ecosystem and
what is causing the increasing CO2 levels. Furthermore, this sufficient explanation doesn’t
provide in-depth evidence from the module’s activities (e.g., data that could be drawn from
the ‘Carbon Dioxide and pH’ activity were not included).

4.2.3. Models with Partial Explanation

These models demonstrate a ‘Partial’ level of cohesiveness when explaining the phe-
nomena to answer the driving question. Models in this category provide a ‘Partial’ ex-
planation and generally only respond to one of the two investigative questions of the
module. More than a few key ideas may be missing and/or student representations of
these ideas might not align with the scientific findings. Furthermore, these models miss
critical connections among key ideas which generally lead to gaps in their explanations.

Figure 5 is an example of an explanatory model that illustrates a ‘Partial’ explanation.
Similarly to the previous examples, the model portrays two sections with different CO2
amounts in the atmosphere. The title of each side shows the key idea of ‘CO2 Amounts’
(1a and 2a). The left side (more CO2) demonstrates the students’ attention to the key idea
of the ‘Source of CO2’ via drawings of a factory (3b), a house (4b), and a car (5b) emitting
CO2. On the right side (less CO2), the students share the same key idea by showing means
of transportation that will reduce the CO2 amount, such as drawings of a bike (6b) or
a person running (7b). To attend to the way CO2 amounts connect with the key idea of
‘pH and Acidification’, the students equated more CO2 to a low pH environment (left
side, 8d), while the side with less CO2 (right side) is shown as being equal to a higher pH
environment (9d). The students used several modalities to communicate the key idea of
‘Energy Expenditure in Shell Building’. Using the ‘Written’ modality, the students explained
the relationship between levels of acidity and the damage to oysters’ shells (10e, 11e). The
students used the ‘Drawn’ modality (with a label) to illustrate several dead (i.e., open)
oysters on the “more CO2” (left side, 13e) and drew only live (closed) oysters on the “less
CO2” (right side, 14e). The drawn images of the oysters were disconnected from other key
ideas. For example, it is not clear what caused the death of the oyster labeled “dead one”.
The students presented the key idea of ‘Oysters Filter Water’ by writing “dirty water”,
or “clearer water” and connected it to the idea that water is filtered by organisms (15f,
16f). The key idea of ‘Carbonate Availability’ was partially addressed by describing, in
writing, the relationship between CO2 levels, the amount of hydrogen, and the amount of
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carbonate (18g, 19g), but was missing information about the link between hydrogen ions
and acidification. The model lacks two key ideas that are critical for a cohesive explanation,
those being the ‘Carbon Cycle’ and ‘Chemistry of Shell Building’. For example, while the
model attempts to address the key idea of ‘Energy Expenditure in Shell Building’, it fails to
explicitly address that oyster larvae struggle to grow shells in more acidic environments.
In addition, the model missed the important connection outlining how the carbonate level
is affecting oyster larval development. We coded this model as ‘Partial’ due to the lack
of several key ideas coupled with a lack of critical connections among the key ideas that
were included.

4.2.4. Models with Insufficient Explanation

The models in this category did not provide a sufficiently cohesive explanation of
the phenomena. Very few key ideas were present and/or the scientific ideas were mostly
disconnected. Figure 6 is an example of an explanatory model that shows an ‘Insufficiently’
cohesive explanation. The model utilized a template similar to the previous example models
in that it is divided into two sections with differing amounts of CO2 in the atmosphere. The
title of each side shows the key idea of ‘CO2 Amounts’ (1a and 2a). The model attended to
this same key idea, as demonstrated by the students also drawing fewer CO2 molecules
(left side, 3a) and more CO2 molecules (right side, 4a) to represent CO2 molecules in
the atmosphere. To attend to the key idea of ‘pH and Acidification’, the students wrote
“Hydrogen ions make the ocean acidic” (5d) and “Oceans Chemistry change can dissolve
oysters shells” (6e), using an arrow to indicate that this writing pertains to the right side
of the model. The model also communicated the key idea of ‘Energy Expenditure in Shell
Building’. In the atmosphere with less CO2, the students expressed in writing that changing
ocean chemistry will “dissolve oyster shells” (6e). Moreover, students showed more oysters
in the ocean on the left side with ‘less’ atmospheric CO2 (7e) and fewer oysters on the right
side with ‘more’ atmospheric CO2 (8e).

Table 5 summarizes the levels of cohesiveness for the explanatory models that are
discussed in this section.

Table 5. Levels of Cohesiveness for Exploratory Models with Descriptions and Examples.

Levels of Cohesiveness for
Explanatory Models

Description of Model Characteristics for (1) Responding to Phenomena, (2) Key
Ideas, (3) Connections between Key Ideas Example

Explanatory Models with
Extensive Explanation

Models in the ‘Extensive’ category communicated accurately, and with enough detail,
the phenomena in response to the driving question. To communicate a coherent,
cohesive, sequential, and gapless explanation, the models included evidence from
activities to support almost all key ideas and showed clear connections among these
key ideas.

Figure 3

Models with
Sufficient Explanation

Similar to the ‘Extensive’ category, models categorized as ‘Sufficient’ included mostly
complete explanations of the driving question. However, unlike the ‘Extensive’
categories, these models lacked and/or misrepresented more than one key idea. They
also tended to include fewer pieces of evidence from the module’s activities.

Figure 4

Models with
Partial Explanation

These models demonstrate a ‘Partial’ level of cohesiveness when explaining the
phenomena to answer the driving question. Models in this category provide a ‘Partial’
explanation and generally only respond to one of the two investigative questions of
the module. More than a few key ideas may be missing and/or student
representations of these ideas might not align with the scientific findings.
Furthermore, these models miss critical connections among key ideas which generally
lead to gaps in their explanations.

Figure 5

Models with
Insufficient Explanation

The models in this category did not provide a sufficiently cohesive explanation of the
phenomena. Very few key ideas were present and/or the scientific ideas were
mostly disconnected.

Figure 6
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4.3. Systems Thinking: Moving beyond Oceans and Oysters

Previous studies suggest that strong models should have the ability to “explain a range
of phenomena” and, by doing so, show connections between phenomena [12] (p. 184). In
our project, the explanatory models provided an opportunity for students to think about
a range of phenomena by taking a systems thinking approach. The background section of
this paper emphasized the importance of a systems thinking approach for understanding
the complexity of climatic changes. Based on the literature about systems thinking in
science, particularly in scientific modeling, we suggested that such an approach focuses
on interrelationships and patterns, such as what happens to other marine life when there
is a change in atmospheric CO2 [51–53]. The activities in our module mostly focus on the
Earth’s oceans as a system but also include references to atmospheric CO2 as a system, and
we saw that students made links between these two systems in their models. Moreover, we
saw that the student models went beyond these two systems and showed the causes and
impacts of ocean acidification on oysters across different phenomena in different systems,
such as how human food or land use impact (and are impacted by) ocean acidification.
Below, we discuss how the students’ explanatory models showed a systems thinking
approach and made connections to a variety of systems beyond oceans.

While the driving question of our module focused specifically on oysters, and all the
models referenced an ocean system, 21% (32 models) of the student models also attended to
the atmospheric system, specifically how changes in atmospheric CO2 will lead to changes
in CO2 amounts in the oceans. Figure 7i is an example of how the students represented
increased amounts of CO2 in the atmosphere. On the side of the model that depicted
increased levels of CO2, there were often expressions of clouds or smoke in the skies. In
comparison, sunny skies were typically drawn on the side of the model that represented
an atmosphere with less CO2.

Educ. Sci. 2023, 13, x FOR PEER REVIEW 22 of 29 
 

 

A small percentage of the models (11 models, 7%) connected decreasing oyster pop-

ulations to the impacts on humans. For example, the left side of Figure 7ii shows a draw-

ing with labels of a smiling “healthy human” with a “good fish”. This was drawn on the 

side of the model that represented a system with less CO2 and more oysters. The right side 

of Figure 7ii depicts a drawing of a frowning “ill person” near a “bad fish”. This drawing 

is from the opposite side of the model that represented an environment with more CO2 

and less acidic oceans. We noticed in this model that the students were making connec-

tions among multiple phenomena related to food webs (e.g., a decreasing oyster popula-

tion will lead to unhealthy fish and sick people who eat the fish).  

Although the driving question asked about the effects of increasing CO2 on oysters 

specifically, 94 (63%) models included a variety of other marine life in addition to oysters, 

such as algae, fish, corals, whales, and dolphins. In these instances, students often pro-

vided drawings and/or written descriptions of how these other marine organisms were 

affected when the oceans were more acidic and fewer oysters were available as a food 

source. For example, in one model, students used a legend (Figure 7iii) to indicate that 

green represented a “diverse fish” and orange represented a “fish”. That same model de-

picted both orange “diverse” fish and green “fish” on the side of the model that repre-

sented a less acidified ocean (Figure 7iii, left side) while only drawing green “fish” (Figure 

7iii, right side) on the side of the model that represented a more acidified ocean, suggest-

ing that changes in ocean acidification levels and decreasing oyster populations led to a 

less diverse ocean ecosystem.  

Thirteen student models communicated the impacts of changes in atmospheric CO2 

on land plants (9%) and five student models drew non-human land animals (3%). For 

example, one model showed a green tree and bushes on the side of the model where there 

is less CO2 and a less acidified ocean (Figure 7iv, left side), and on the side of that same 

model that represented an atmosphere and ocean with more CO2, there were no green 

plants drawn and they wrote “less nature” (Figure 7iv, right side). The right side of Figure 

Figure 7. Examples of Students’ Representations of Impacts Ocean Acidification Across Systems of
Atmosphere, Marine Life, And Terrestrial Life (The different sub numbers (e.g., i., ii, iii . . . ) indicate
that these representations come from different student models. Authors combined the different parts
from a single model to build coherent visual in iii, iv, and v.



Educ. Sci. 2023, 13, 496 20 of 26

A small percentage of the models (11 models, 7%) connected decreasing oyster popu-
lations to the impacts on humans. For example, the left side of Figure 7ii shows a drawing
with labels of a smiling “healthy human” with a “good fish”. This was drawn on the side
of the model that represented a system with less CO2 and more oysters. The right side of
Figure 7ii depicts a drawing of a frowning “ill person” near a “bad fish”. This drawing is
from the opposite side of the model that represented an environment with more CO2 and
less acidic oceans. We noticed in this model that the students were making connections
among multiple phenomena related to food webs (e.g., a decreasing oyster population will
lead to unhealthy fish and sick people who eat the fish).

Although the driving question asked about the effects of increasing CO2 on oysters
specifically, 94 (63%) models included a variety of other marine life in addition to oysters,
such as algae, fish, corals, whales, and dolphins. In these instances, students often provided
drawings and/or written descriptions of how these other marine organisms were affected
when the oceans were more acidic and fewer oysters were available as a food source.
For example, in one model, students used a legend (Figure 7iii) to indicate that green
represented a “diverse fish” and orange represented a “fish”. That same model depicted
both orange “diverse” fish and green “fish” on the side of the model that represented a less
acidified ocean (Figure 7iii, left side) while only drawing green “fish” (Figure 7iii, right
side) on the side of the model that represented a more acidified ocean, suggesting that
changes in ocean acidification levels and decreasing oyster populations led to a less diverse
ocean ecosystem.

Thirteen student models communicated the impacts of changes in atmospheric CO2
on land plants (9%) and five student models drew non-human land animals (3%). For
example, one model showed a green tree and bushes on the side of the model where there is
less CO2 and a less acidified ocean (Figure 7iv, left side), and on the side of that same model
that represented an atmosphere and ocean with more CO2, there were no green plants
drawn and they wrote “less nature” (Figure 7iv, right side). The right side of Figure 7v
demonstrates a model where students drew a sad cat who lives on land where there is
more CO2 and an unhealthy ocean. That same model shows a happy cat (Figure 7v, left
side) on the side of the model where there is less CO2 and a healthy ocean.

5. Discussions and Future Implications

Building coherent and gapless explanations is crucial for rigorous scientific learn-
ing [68,69]. Explanatory models can be used as a tool to promote students’ cohesive expla-
nations and provide them with feedback on the construction of these explanations [15]. The
iterative process of explanatory models offers opportunities for epistemic learning, such
as supporting or revising ideas with competing evidence. Despite the suggested use of
‘models for’ to support students’ conceptual and epistemic learning, there is a concern that
the traditional use of modeling (models of), persists in many classrooms. This limits the role
of modeling to visualization and memorization of system components. In this study, we
looked at how students used explanatory models to construct evidence-based explanations
about how ocean acidification affects oyster development. The modeling process was
scaffolded through a series of activities that provided evidence for the key ideas needed to
build an explanation to answer the driving question. Based on our findings from 14 classes,
we rarely saw student models with ‘Extensive’ explanations that attended to all key ideas
with evidence from multiple resources. Furthermore, the majority of the student models
showed insufficient explanations that were missing key ideas and references to the related
evidence. In order to unpack what leads to models with extensive explanations, or their
lack thereof, we developed a coding scheme to qualitatively look at the conceptual elements
and epistemic discourses across all 150 explanatory models. The following subsections will
discuss our findings and the related implications for research and practice.
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5.1. Scaffolding Students for Engagement in Epistemic Aspects of Modeling

For several decades, research has suggested that eliciting students’ reasoning and
ideas is more effective than the traditional school science approach of knowledge trans-
mission [70]. However, recent studies on modeling, where students actively present their
ideas, suggest that many teachers struggle with this approach and are not able to effectively
support their students in identifying and connecting ideas to the scientific phenomena that
models aim to explain [16]. In addition to struggling to attend to the specific ideas and
explanations that students bring to their models, teachers are also limited in their capacity
to provide critical feedback to improve student learning about the scientific phenomena
and the modeling practice. We suggest that the coding framework we developed in this
study can be used as a feedback tool for teachers to formatively assess and scaffold stu-
dents’ progress during the modeling practice. As our framework is aligned with integrated
three-dimensional science learning [8], it directly supports the NGSS-aligned [9] curricu-
lum design. In developing our coding framework, we first looked at ‘Key Ideas Based on
Evidence’ related to the disciplinary core ideas being taught (such as ‘pH and Acidification’
in our module) along with ‘Discourse Modality of Evidence’ (i.e., how students’ model-
ing practice presents evidence from their student-driven investigations [e.g., ‘Data Table’,
‘Drawn’]). Second, we decided to highlight students’ use of ‘Systems Thinking’ approaches
(e.g., connections to the atmosphere, other living organisms) as it is a crosscutting concept
that strengthens the explanation of scientific phenomena. Third, to explore the epistemic
aspects of the modeling practice, we examined how students used ‘Scientific Representa-
tions’ that are epistemic discourses specific to scientific disciplines in the form of language
or symbols [71]. Specifically, we looked at how students used scientific representations,
grounded in specialized epistemic discourses, such as arrows, to show processes or symbols
for chemical molecules. We suggest that teachers or teacher educators can use these cate-
gories as a guide to developing a framework to support students on the iterative revisions
of models that seek to explain other phenomena. Using this framework, teachers can
follow students’ evolving understanding of the key ideas and identify the related evidence
students use in developing extensively coherent explanations of the phenomena being
studied. In addition, focusing on how students make decisions around which ‘Scientific
Representations’ they use can provide opportunities for classroom discussions on epistemic
cultures of scientific disciplines that develop norms around when and how to implement
these scientific representations.

In scaffolding the development of conceptual understanding of key ideas in students,
it may be important to consider the types of activities in which students are engaged.
Key ideas that were integrated into explanatory models are most frequently related to
activities where students are socially engaged in practices of science. For example, in the
activity that focused on the key idea of ‘pH and Acidification’, students designed their own
protocols to answer the investigative question while making decisions as a group. This
activity also involved students analyzing and interpreting data in groups or pairs. Key
ideas that mostly relied on readings and videos as major sources for the activity, such as
‘Oysters Filter Water,’ were present less often in explanatory models and appeared in fewer
instances. We therefore suggest future studies on the role of social engagement in scientific
activities designed to supporting students’ understanding and use of key ideas for building
a cohesive scientific model.

5.2. Diverse Discourse Modes for Building Cohesive Models

The findings from this study contribute to the literature on the diversity of discourse
modalities students choose to communicate their ideas. Previous research highlighted the
richness of students’ use of multiple literacies that are critical for learning and participating
in science [72]. Scholars suggest that the use of both written and drawn modalities improves
deeper thinking, epistemic agency, and clarity of explanations. These scholars also highlight
that written text can help improve the clarity of drawn models and provide a sequential
logic to scientific processes. Further, models that allow multiple representations can



Educ. Sci. 2023, 13, 496 22 of 26

be a more equitable and inclusive assessment tool for science classrooms [14] as they
provide space for students who might be challenged with one of the modalities. For
example, writing in a logical and sequential manner in models can be demanding for
emergent bilinguals. In our study, students were encouraged to use a variety of discourse
modes in building their explanatory model. Our findings showed that most models were
a combination of written and drawn modalities. It is important to note that both models
with mostly ‘Drawn’ components and models with mostly ‘Written’ components can
achieve extensive explanations. As can be seen in the examples provided in the findings,
the textual information is most often used to name drawn images, explain processes,
provide a sequence to events, and link different key ideas.

Beyond written text and drawing, we noticed that some students used another modal-
ity, ‘Data Tables’ that included data from their own investigations. In some cases, students
complemented data tables with textual explanations and visual drawings. In the Ocean
Acidification and Oysters module, students collected two sets of data: (1) during the
student-designed investigation during the ‘Carbon Dioxide and pH’ activity and (2) during
the ‘Carbonate Challenge’ activity. We noticed that this use of a ‘Data Table’ as a modality
was rare among the modalities chosen by students. While the role of data is significant
in computational models, we see that explanatory models can be a tool to help students
integrate what they learn from their data. Future studies can explore meaningful integra-
tions and representations of data as a discourse modality in explanatory models. Data
representations can help strengthen the evidence that supports the key ideas in the models.

5.3. Systems Thinking beyond Oceans and Oysters

Our study tackles the process of learning about a critical climate change impact, ocean
acidification. According to scientists, unprecedented changes in ocean acidification are
related to past mass extinctions. The evidence is alarming scientists who claim recent
changes in the oceans can lead to decreased populations of shellfish and then impact the
food chain in the marine ecosystem [73]. Due to Earth’s complex environmental system,
understanding this phenomenon requires focusing on a systems thinking approach. During
professional learning with teachers, we encouraged teachers to make a connection between
the atmospheric changes and changes in the oceans. Specifically, our goal was to support
an understanding of how changing levels of CO2 in the atmosphere lead to changing CO2
levels and related changes in acidification levels in the oceans. Our intention was to support
students in learning about the impact on oyster development. Our videos and readings
showed limited connections to how other marine organisms and humans can be affected
by the changing oceans and their impact on the food chain.

Despite the limited representation of a variety of species and their links to human
ecologies, we saw that many student models communicated a decrease in the number and
diversity of marine species beyond oysters. For instance, they drew or wrote about fish,
algae, and clams. Some models depicted humans with reduced access to food sources
and living in environments where there is less green space or clean water. Although
our materials did not highlight the impact on land animals and plants, we noticed that
some students did attend to multispecies impacts and their relation to humans in their
models. This finding reminds us that youth perceptions of climate injustice can move
beyond the traditional anthropocentric view that exceptionally centers humans. Recent
research on climate change emphasizes that these human-centric views of climate justice
are no longer enough to attend to the climate emergency the world is witnessing today
(e.g., [74]). These scholars therefore suggest a multispecies lens regarding climate justice
that will acknowledge the past and future destruction of living and non-living things
(e.g., animals, rivers) and consider the importance of the relationships we all require to
thrive and overcome environmental grand challenges [75]. Inspired by this observation, we
suggest that future research on modeling climate change impacts with a systems thinking
approach consider a multispecies lens for a more inclusive understanding of the impacts of
changing climate.



Educ. Sci. 2023, 13, 496 23 of 26

6. Conclusions and Limitations

Following the publication of the NGSS [9], a committee of experts on science educa-
tion and assessments worked on a document for Developing Assessments for the Next
Generation Science Standards [76]. This document highlights the importance of align-
ing classroom instruction with formative assessments designed around real-life scientific
phenomena. In order to actualize this goal, we need to understand teachers’ capacity to
implement this new vision of science teaching and learning. Our analysis of classroom
implementation of explanatory models showed that student-developed models usually do
not lead to cohesive explanations of phenomena and lack critical conceptual and epistemic
components. Although we analyzed 150 models across classrooms with varying demo-
graphics, we acknowledge that we were limited to the 14 classes within the mid-Atlantic
region of the United States. The participating teachers and their students were new to
using explanatory models in their classrooms and some of them explicitly mentioned they
struggled to provide feedback on their students’ models.

In addition to looking at the reality of classroom implementation, our study contributes
to research and practice by providing a qualitative analysis framework that will help
researchers and practitioners to attend to conceptual and epistemic aspects of explanatory
models. While integrating three dimensions of learning,—disciplinary core ideas, scientific
practices, and crosscutting concepts—the categories we developed in this study can help
researchers and practitioners to use explanatory models as NGSS-aligned assessments.
In recent years, there has been an effort to use machine learning to support teachers
in assessing students’ models [44]. The use of machine learning applications can be
strengthened by training them with human coding on real student models. We suggest
that our findings can inform future research exploring the role of machine learning to
support teachers in assessing student models. We see the potential in using our framework
to build a feedback mechanism for iterations of models, however, this study is limited
to the analysis of the students’ final models. While this focus allowed us to carry out an
in-depth investigation of a large set of models, further studies that analyze each iteration of
explanatory models would be informative.

At the center of our perspective, we aimed to work towards an equitable assessment
practice that is based on cultural theories of learning and attempted to highlight diverse
ways of knowing and learning [77]. The pandemic that we all recently witnessed further
exposed the need for equitable assessment systems [78]. Our analysis framework derives
from a local cultural phenomenon (i.e., ocean acidification and its impact on oysters) that
is familiar to many students in this study. In addition, our framework acknowledges
diverse perspectives students use to build their model (e.g., choosing a variety of scientific
representations, looking at connections beyond marine life). Since teachers’ scaffolding is
critical in students’ understanding of the modeling practice, our hope is that an increasing
number of teachers will pay attention to the equitable aspects of modeling while using it as
an assessment.
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