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CHAPTER I 

 

INTRODUCTION 

 

Science education has historically emphasized content knowledge and prioritized vocabulary 

over the appropriation of science practices for sensemaking (Duschl, 2008). Recently, science 

education research and K-12 science standards have shifted away from a focus on the 

accumulation of knowledge and skills toward conceptualizing science as a form of disciplinary 

practice (Cheng & Lin, 2015; Duschl, Schweingruber & Shouse, 2007; Erduran & Jiménez-

Aleixandre, 2007; National Research Council [NRC], 2012; Östman & Wickman, 2014). From 

this perspective, science classrooms should provide students with opportunities to engage in 

epistemic disciplinary activity as a way of participating in contextualized practices and building 

scientific understanding (Ford & Forman, 2006; Duschl, 2008). Reform standards and curricula, 

including the Next Generation Science Standards (NGSS Lead States, 2013), have identified 

several science and engineering practices that could be adapted to support K-12 science learning. 

This three-paper dissertation focuses on one of these practices, scientific modeling, with 

particular attention to supporting bilingual students engaging in modeling.  

Each paper explores students’ appropriation and transformation of modeling practices. 

The first two papers focus on modeling with all students. Paper 1 illustrates how students’ 

modeling practices shift in response to the immediate context. Paper 2 builds on this foundation 

by tracing how students’ practices are transformed longitudinally and in interaction with 

students’ previous experiences and artifacts. Paper 3 focuses on modeling with emerging 

bilingual students in terms of the unique opportunities created by modeling for supporting 



 
2 

emerging bilingual students’ engagement in science practices. Beyond capitalizing on the 

multimodal affordances of modeling, Paper 3 leverages a syncretic approach (Gutiérrez & Jurow, 

2016) to blend aspects of scientific modeling practices with emerging bilingual students’ 

everyday translanguaging practices, supporting students in appropriating and transforming these 

practices in a generative way that leverages linguistic diversity in service of inquiry. Each of the 

papers is briefly summarized below. 

Paper 1 extends from a respected learning progression for modeling (Schwarz et al., 

2012), reporting on a semester-long design-based study of eighth graders engaging in 

diagrammatic, physical, and computational modeling. This paper explores conceptual and 

representational contexts designed to support increasingly sophisticated modeling practices and 

beliefs and analyzes the nature of high levels of performance achieved through the designed 

curriculum.  

This paper also identifies challenges that emerge from using a learning progression to 

coordinate between over-arching aggregate arcs in the curriculum and individual students’ 

learning trajectories within the curriculum. First, as Schwarz et al. (2012) and others clarify, 

individual student performance is often dependent on students’ epistemic aims and the nature of 

the curriculum (Berland et al., 2015; Hammer & Elby, 2003; Louca, Elby, Hammer, & Kagey, 

2004; Svoboda & Passmore, 2013). Second, longitudinally supporting students in modeling is a 

relatively nascent endeavor, although notable exemplars have been developed (e.g., IQWST; 

Krajcik, McNeill, & Reiser, 2008; Shwartz, Weizman, Fortus, Krajcik, & Reiser, 2008). Third, 

research on the highest levels of proposed progressions is often hypothetical, because few 

students demonstrate high-level modeling practices in typical classrooms (Schwarz et al., 2012; 

Treagust, Chittleborough, & Mamiala, 2002; Windschitl, Thompson, & Braaten, 2008).  
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Paper 1 therefore provides a foundation for the second and third papers by illustrating 

how students’ individual modeling practices shift in response to context. A limitation of this 

paper, however, is that it backgrounds the social processes through which students build and 

transform conceptual understandings, practices, and epistemologies.  

Paper 2 explores how students’ enactments of modeling practices unfold in relation to the 

history of the materials, experiences, and interactions in which these practices are situated. Co-

operative action (Goodwin, 2017) provides a conceptual framework for considering the ways in 

which sedimented norms, practices, and artifacts become part of the substrate for students’ later 

actions. Goodwin (2017, p. 32) defines “substrate” as “both the sedimented outcome of earlier 

action, and the source of subsequent action.” Lemke (2000) explores similar ideas in classroom 

contexts; he observes that emergent processes and patterns in classrooms can become raw 

materials for new and more complex patterns, functioning as part of what Goodwin would call 

the substrate. From this perspective, the affordances and constraints of earlier learning 

environments play a role in students’ later modeling beliefs and practices. Goodwin (2017) and 

Lemke (2000; 2001) posit that these processes occur across a range of timescales, from 

microgenetic interactions to the scale of human history. Even so, most of the examples they 

present involve extremes of the timescale—either analyzing moments of enactments of practice 

or the traces of historical predecessors in tools and disciplinary ways of operating—rather than 

tracing the development of practices over the timescale of the learning of an individual or 

classroom group.  

Paper 2 builds on the foundation of Paper 1 by analyzing student-developed scientific 

models as artifacts that trace students’ modeling practices over time. This analytic frame allows 

us to consider the ways in which students’ modeling practices are shaped by immediate and 
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longitudinal elements of the substrate and to trace the ways that resources are reused and 

transformed within the classroom community. In this paper, “resources” refers to existing 

classroom norms, student practices, and publicly shared artifacts. We find that after a resource is 

introduced or recognized, related modeling practices ripple outward and are transformed along 

three dimensions. In the first dimension, the practice is transformed in response to the immediate 

context. In the second dimension, practices are reused and transformed longitudinally in response 

to new problems and types of data. In the tertiary dimension, modeling practices are further 

transformed as they interact with elements of the substrate contributed outside of the immediate 

context of the modeling unit, including other science practices like experimental design. Along 

each of these dimensions, we find that students’ practices sediment into the substrate and 

subsequently support and constrain students’ opportunities for learning and engaging in science. 

Whereas Paper 2 considers modeling in interaction with other science practices, Paper 3 

extends this line of research by considering parallels between modeling and translanguaging 

practices. With a syncretic approach, Paper 3 aims to help emerging bilingual students blend 

aspects of everyday linguistic practices with disciplinary practices, supporting students in 

appropriating and transforming practices in a generative way that leverages rather than 

suppresses linguistic diversity in service of inquiry.  

Historically, science education for emerging bilingual students has characterized 

language as a gateway for science learning. This perspective has led to an emphasis on English 

language learning (often focusing on phonology, morphology, vocabulary, and syntax) as a pre-

requisite for science learning and learning in other academic disciplines. In contrast, 

contemporary research promotes engaging emerging bilingual students in language-intensive 

science practices to simultaneously promote language learning and science learning (Lee, Quinn 
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& Valdés, 2013; Suarez & Otero, 2014). Several case studies demonstrate students’ ability to 

engage in science practices using “less-than-perfect” English (Lee, Miller, & Januszyk, 2014; 

NGSS Lead States, 2013). Therefore, Lee and colleagues argue for moving away from discrete, 

content-based language instruction and sheltered models. They suggest that students can develop 

language proficiency and understanding of science content simultaneously, and they argue that 

teachers should support language development in science by scaffolding students’ participation 

in discourse (Lee et al., 2013; Lee et al., 2014). They explain that this strategy benefits all 

students, not just emerging bilingual students, because monolingual English speakers also benefit 

from scaffolding that supports transitioning from everyday discourse to academic discourse (Lee 

et al., 2014). Paper 3 builds on this research by capitalizing on parallels between modeling and 

translanguaging practices to support the development of new classroom practices for expression 

and inquiry. 

Broadly, this dissertation is framed in response to the research question, “How do model 

types and modeling tasks interact with available resources to shape students’ opportunities for 

learning and participation in science?” In Paper 1, we explore the variety of ways that students 

can enact modeling practices in a classroom, finding that students’ modeling performances shift 

in response to the immediate context. In Paper 2, we analyze the same data longitudinally, 

tracing the ways that students’ practices are transformed as they address new questions and 

problems. Recognizing the diversity of resources available to different students, in Paper 3, we 

use a fine-grained lens to explore the unique affordances of multimodal modeling for supporting 

productive sciene discourse for monolingual and bilingual studnets. Together, these papers 

contribute an understanding of the ways that students appropriate and transform modeling 

practices for sensemaking and expression in science.  
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CHAPTER II 

 

LEARNING PROGRESSIONS IN CONTEXT: TENSIONS AND INSIGHTS FROM A 

SEMESTER-LONG MIDDLE SCHOOL MODELING CURRICULUM 

 

Introduction 

Researchers and practitioners recommend increasing K-12 students’ engagement in authentic 

scientific practices such as modeling (NRC, 2012). All students, regardless of their future 

participation in the scientific community, benefit from appropriating such practices as tools for 

problem solving and building understanding (Lehrer & Schauble, 2006). Yet, school learning 

environments typically do not support students in engaging with models as sense-making tools; 

instead, students often view models as a form of science-answer for their teacher (Schwarz et al., 

2009). It is clear that engaging in modeling practices requires more than rote participation in 

model construction or use (Berland et al., 2015). Rather, it is important for students to have 

opportunities to construct and use models to ask and investigate their own questions about 

science content in the pursuit of advancing their own understanding of this content (e.g., Duschl, 

Schweingruber, & Shouse, 2007; NRC, 2012; VanLehn, 2013).  

In service of these goals, Schwarz and colleagues have proposed and refined a learning 

progression for modeling to support students in developing modeling epistemologies and 

practices (Fortus, Shwartz, & Rosenfeld, 2016; Schwarz et al., 2009; Schwarz, Reiser, Archer, 

Kenyon, & Fortus, 2012). This progression is a valuable resource for considering the range of 

practices available to K-12 students as they engage in modeling across semesters or years, and it 

provides a useful analytic framework for examining students’ modeling practices.  
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Thinking about learning progressions for modeling, however, involves challenges in 

coordinating between overarching aggregate arcs in the curriculum and individual student 

learning trajectories within the curriculum.  First, as Schwarz et al. (2012) themselves and others 

clarify, individual student performance is often dependent on students’ epistemic aims and the 

nature of the curriculum (Berland et al., 2015; Hammer & Elby, 2003; Louca, Elby, Hammer & 

Kagey, 2004; Svoboda & Passmore, 2013). Second, approaches for longitudinally supporting 

students in modeling is a relatively nascent endeavor, although notable exemplars have been 

developed (e.g. IQWST; Krajcik, McNeill, & Reiser, 2008; Shwartz, Weizman, Fortus, Krajcik, 

& Reiser, 2008). Third, research on the highest levels of the proposed progression is often 

hypothetical, because few students demonstrate high-level modeling practices in typical 

classrooms (Schwarz et al., 2012; Treagust et al., 2012; Windschitl, Thompson & Braaten, 

2008).  

In response to these challenges, we conducted a semester-long design-based study of 

eighth graders engaging in diagrammatic, physical, and computational modeling. In this paper, 

we explore contexts designed to support increasingly sophisticated modeling practices and 

beliefs. Specifically, we explore conceptual contexts (the phenomena students were studying) 

and representational contexts (the types of models students were encouraged to construct). The 

purpose of this paper is to: 

1. Explore conceptual and representational contexts that support increasingly 

sophisticated modeling practices and beliefs by typical students in a low-SES, high-

diversity public charter school, 

2. Analyze the nature of students’ modeling performances in these contexts, 
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3. Suggest revisions to the articulation of the learning progression to enhance its utility 

when viewed through this resource-related lens, and  

4. Analyze the nature of high levels of performance achieved through the designed 

curriculum.  

K-12 modeling practices 

Defined as creating explicit representations that reduce complexity and amplify aspects 

of phenomena in service of inquiry, the scientific practice of modeling is both accessible to 

children and central to the practice of science (Duschl, 2008; Lehrer & Schauble, 2006; Lehrer, 

Schauble, Carpenter & Penner, 2000; Nerssessian, 1992). While students should not be expected 

to reach the level of competence of professional scientists, appropriate scaffolding can help 

students begin to explore and engage with modeling in developmentally appropriate ways 

(Berland et al., 2015; Lehrer, Schauble, & Petrosino, 2001; Manz, 2012; NRC 2012). As such, 

the National Research Council recommends that K-12 students have the opportunity to develop 

and use models to represent and communicate their understandings and ideas and to cyclically 

and iteratively generate questions and refine their explanations of phenomena (NRC, 2012).  

However, existing curricula rarely support students in engaging with productive 

modeling epistemologies. Instead, science curricula often encourage students to perceive models 

as: 

• Literal depictions of a phenomenon, rather than simplified and explanatory 

representations (Cheng & Lin, 2015; Lehrer & Schauble, 2012; Schwarz & White 

2005; Treagust, Chittleborough & Mamiala, 2002),  

• Case-specific rather than abstract and generative (Buckingham & Reiser, 2010; 

Lehrer, Schauble, & Lucas, 2008; Schwarz et al., 2009), 
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• Based on information from authorities, like textbooks or teachers, rather than on 

evidence collected and analyzed by the students (Schwarz et al., 2009), and 

• Created as answers for teachers rather than as revisable tools for sense making or 

communication (Schwarz et al. 2012; Treagust et al., 2002). 

These beliefs affect students’ opportunities to engage in the practice of modeling. For example, 

students are less likely to use their models as generative predictive tools if they are descriptive 

rather than explanatory, and students might not be motivated to use their models as tools if they 

see them as illustrative finalized answers designed for their teachers rather than as productive 

tools for scientific theory building (Berland et al., 2015; Lehrer & Schauble, 2012; Schwarz et 

al., 2009; Schwarz & White, 2005). Furthermore, research demonstrates that students’ specific 

beliefs, ideas, and interpretations about modeling are dependent on instructional scaffolds, 

students’ epistemic aims, and the social norms of the classroom (e.g., Hammer & Elby, 2003; 

Louca, Elby, Hammer, & Kagey 2004; Svoboda & Passmore, 2013). Therefore, understanding 

the relationship between students’ modeling practices and the nature of the learning environment 

is critical. 

Despite the emerging importance of modeling in K-12 curricula, little is known about 

how to support students in developing productive epistemologies and practices as they engage in 

model building. Much of the literature about modeling is based on pre- and post-intervention 

questionnaires, assessments, and interviews, providing little insight into how students’ learning 

processes occur and how best to support them (Louca & Zacharia, 2012). Therefore, identifying 

such practices and supports is an important area for research (Berland et al., 2015; Schwarz et al., 

2009; Schwarz & White, 2005; Sengupta, Kinnebrew, Basu, Biswas & Clark, 2013; VanLehn, 

2013).  
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Modeling learning progressions 

Following Schwarz et al. (2012), we focus on supporting students in developing explanatory 

mechanistic models, a process critical to building knowledge in science (Russ, Scherr, Hammer, 

& Mikeska, 2008). For this paper, we focus our design and analyses around Schwarz, Fortus, and 

colleagues’ (2012) articulation of a learning progression for modeling (Fortus et al. 2016; 

Schwarz et al., 2009; Schwarz et al., 2012). This progression is represented in different ways 

across their work. However, all expressions of the progression detail epistemic perspectives that 

develop as students engage in the practices of constructing, using, evaluating, and revising 

models. As a foundation for our project, we began with Fortus et al.’s articulation of the 

progression (2016) and integrated unrepresented components from the Schwarz progressions 

(Table 1). Though this synthesized representation draws heavily on the cumulative work of all of 

the papers, for brevity, we will refer to the progression in Table 1 as the “Schwarz and 

colleagues” progression because the Schwarz et al. (2012) paper is the most elaborated analysis. 

We use this progression as a foundation for our work because it has achieved traction with other 

researchers in the field (e.g., Bamberger & Davis, 2013; Berland et al. 2015; Krell, zu Belzen, & 

Krüger, 2014), and because it reflects the science-as-a-practice perspective by analyzing 

students’ actions as evidence of both their epistemologies and their engagement in practices.  

Schwarz and colleagues’ learning progression was developed with empirical evidence 

collected from curricula enacted in 5th and 6th grade science classes over six to twelve weeks. 

The students who participated in their project engaged in modeling by drawing two-dimensional 

representations of mechanistic phenomena and revising their representations as they accumulated 

data (Schwarz, 2009). Schwarz and her colleagues identified several challenges as they 

developed this learning progression. Specifically, the structure of school learning environments 
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did not support students in seeing models as tools that are generative, predictive, and changeable. 

Teachers instructed students to create and revise their models, which led students to perceive 

models as answers for teachers rather than as tools for student sense making. As a result, 

Schwarz and her colleagues found few students engaging in Level 3 practices and no empirical 

evidence of students performing Level 4 practices (Schwarz et al., 2009; Schwarz et al., 2012).  

Table 1 

Schwarz and Colleagues’ Progression, adapted from Schwarz et al., 2012 and Fortus et al., 2016 

Category Level 

A. Salience-

Generality 

1. Models are literal illustrations of a single phenomena  

2. Models consider things that are inaccessible to the senses and can 

represent multiple similar phenomena 

3. Multiple models can represent the same phenomena, one model can 

represent multiple phenomena 

4. Models can represent unknown phenomena or ideas 

B. Audience/User 

 

1.  Models are made for the teacher  

2.  A) Models are made to show what I think       

B) Models are made to help others understand  

3.  Models are made to communicate with others  

4.  Models are made to help me think 

C. Evidence 

 

1. No justification needed  

2.  A) Content knowledge       

B) Authority  

C) Evidence in a specific case  

3. Evidence in general with a justification for how evidence supports 

claims 

D. Mechanistic-

Generative  

 

1. Descriptive only 

2. Illustrate with a vague sense of explaining and predicting 

3. Represent a mechanism to explain a predicted phenomena 

4. Predict and generate questions about possible new phenomena 

E. Revision 

 

1. Models are not revised; they are either right or wrong 

2. Revised to better fit information from authorities 

3. Revised to better fit evidence obtained 

4. Revised to enhance explanatory and predictive power 
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This does not mean that Level 4 practices and beliefs are inaccessible to K-12 students. In 

a study of 11th grade students, for example, Fortus, Shwartz, and Rosenfeld (2016) found that 

some students expressed Level 4 meta-knowledge in their evaluation of models despite minimal 

instructional guidance. The overall dearth of empirical data describing Level 4 practice in middle 

school science classrooms, however, positions the Schwarz and colleagues’ learning progression 

as partially hypothetical in its description of middle school students’ modeling practices.  

It is therefore important to continue exploring conceptual and representational contexts 

that support middle school students in engaging with high-level modeling performances. From a 

practice perspective, modeling should be conceived as a way of engaging in the communal work 

of science to support the epistemic aims of the classroom community (Ford & Forman, 2006). 

Modeling supports a diverse range of aims, including describing phenomena, representing core 

ideas, making predictions, and facilitating communication (Svoboda & Passmore, 2013). 

Leaving the higher levels of the progression for older students reduces the utility of modeling for 

middle school students, as it limits their access to the epistemic resources afforded by 

constructing and using models as productive tools. 

We conjecture that Level 3 and 4 beliefs and practices are accessible to middle school 

students. Research suggests that modeling practices do not follow a strict developmental 

trajectory, but rather are shaped by curriculum, instructional scaffolds, and students’ epistemic 

aims (Berland & Crucet, 2016; Penner, Giles, Lehrer, & Schauble, 1997; Svoboda & Passmore, 

2013). For example, when elementary students were prompted to evaluate and compare their 

models of elbows with the models of others, they recognized that each of their classmates’ 

unique models represented the phenomenon of elbow movement (Penner et al., 1997; Penner et 

al., 1998), a Level 3 performance in the Schwarz progression. Furthermore, as noted by 
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Passmore, Gouvea, and Giere (2014) about the Penner et al. studies, when children aimed to 

represent the perceptual features of an elbow, they prioritized physical likeness to a human arm. 

In contrast, when they aimed to create models that work like an elbow, they prioritized 

functional features, evaluating whether their models bend the same way and obey the same 

constraints as human elbows.  

Schwarz and colleagues make clear that learners’ enactments of the modeling practices 

described in their progression are critically dependent on the specific features of instruction and 

scaffolding (Schwarz et al., 2012). Following from their characterization of the progression as 

context-dependent, we interpret the Schwarz and colleagues learning progression as a 

representation of a range of epistemologies and practices that are available to students as they 

engage in modeling. Because lower levels of the Schwarz and colleagues progression are more 

frequently observed in classrooms, it is likely that lower levels of the progression are more 

accessible to students than higher levels. We conjecture that specific conceptual and 

representational contexts can support middle school students in engaging in the modeling 

practices hypothesized in the higher levels of the Schwarz and colleagues progression by shifting 

students’ epistemic aims and recognition of resources.  

Initial conjectures 

We collaborated with an 8th grade science teacher, Max (the third author), in a design-research 

study to engage students in a semester-long modeling project in an attempt to explore conceptual 

and representational contexts that support increasingly sophisticated modeling practices and 

beliefs, analyze the nature of high-level performances within these contexts, and make 

suggestions for refining the learning progression to increase its utility for educators and 

researchers as they develop modeling curricula. Because this project is a design study (Cobb et 
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al., 2003; Sandoval, 2014), we developed conjectures before instruction and refined our 

conjectures iteratively throughout the project. In this section, we present the initial overarching 

conjectures that served as design principles for our learning activities.  

We conceptualize “context” as a frame that surrounds and influences a focal event 

(Duranti & Goodwin, 1992). Based on prior K-12 modeling research, our design attempts to 

influence students’ enactment of modeling beliefs and practices though conceptual and 

representational contexts, though we know social and interactional aspects of context also 

influence students’ engagement in modeling. 

As described earlier, we use the term “conceptual context” to refer to the phenomena that 

students were investigating. Research suggests that students are more likely to engage with 

modeling as a way of constructing knowledge when investigating a complicated yet tangible 

domain (Lehrer, Giles, & Schauble, 2002; Manz, 2012; Schwarz et al. 2009). Therefore, we 

conjectured that providing students with such a domain would be critical in supporting Level 4 

practices. Complex context provides students with opportunities to create abstract, generative 

models by encouraging students to highlight specific aspects of the phenomena. Tangible content 

provides students with opportunities to root their models in evidence they have collected rather 

than in authority sources, like textbooks or teachers. For example, when children studied the 

reproduction of plants in their schoolyard, they were able to collect data used to inform models 

about a variety of complex phenomena that applied to settings beyond their schoolyard, such 

plant growth and seed dispersal (Manz, 2012).  

In terms of design, we embodied this conjecture by grounding the students’ work in 

ecological relationships in the school’s garden, which has proved a powerful conceptual context 

in prior research (e.g., Manz, 2012). Investigating the garden would give students an opportunity 
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to interact with the phenomena they were modeling while challenging them to explore concepts 

that are often inaccessible to casual observers because of the temporal and spatial scales 

involved. We conjectured that students’ access to the garden would support the articulation and 

design of meaningful questions, claims, and justifications and that following student-driven lines 

of inquiry would support Level 4 practices by framing the three model types as generative tools 

for making sense of same phenomena in the garden.  

We use the term “representational context” to refer to the types of models that students 

constructed throughout the semester. Engaging with only one representational context could 

encourage students to view their models as final products rather than as resources.  For example, 

when students represented phenomena like shadows solely with diagrammatic models, they 

revised their models only when instructed to do so by the teacher (Schwarz et al., 2009). The 

high-level conjecture guiding our work was that Level 4 modeling practices could be supported 

by engaging students in several representational contexts by encouraging them to construct and 

coordinate across three types of models: diagrammatic models, physical models, and agent-based 

computational models. We conjectured that creating and interrelating multiple types of models 

would serve to support students in using models as tools because shifting between models would 

position the models as resources rather than as final products. We further conjectured that 

shifting among models would support students in revising their models to increase their 

explanatory power or empirical accuracy, because each model they constructed would provide a 

new perspective of the phenomenon that they were studying. We chose diagrammatic, physical, 

and computational models to embody the conjectures in our design because each model type 

affords unique epistemic opportunities in relation to the learning progression.  
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We conceptualize diagrammatic models as drawings that communicate explanatory 

mechanisms. Diagrammatic models exploit students’ understanding of resemblance while 

facilitating abstraction and reduction as students attempt to represent complicated phenomena 

with two-dimensional drawings (Lehrer & Schauble, 2015; Manz, 2012). By emphasizing 

abstraction and reduction, we conjectured that diagrammatic models would support high-level 

practice in terms of salience because students would be encouraged to differentiate between 

aspects of phenomena that were important to include in their models and aspects of phenomena 

that were less important in terms of their proposed mechanisms. 

We conceptualize physical models as material objects created to test explanatory 

mechanisms (Pickering, 1995). Physical models encourage students to grapple with the material 

challenges of designing measures and interpreting data, providing students with opportunities to 

critically evaluate fit between their models and the phenomena that they represent (Manz, 2012; 

Penner, Lehrer, & Schauble, 1998). We conjectured that physical models would support high-

level practice in terms of mechanism and evidence because physical models would encourage 

students to consider cause-and-effect relationships in relation to the data that they collected. 

Finally, we conceptualize agent-based computational models as runnable simulations 

created by programming explicit rules for groups of actors in a system. Like diagrammatic 

models, computational models facilitate abstraction and prediction (Sengupta et al., 2013). Like 

physical models, they allow students to evaluate proposed mechanisms. As a result, these models 

are useful for considering phenomena at large physical or temporal scales, which we conjectured 

would support students in using their models as general and generative representations.  
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Participants and design 

This study was conducted in a public charter school located in a large metropolitan school 

district in the southeastern United States. During the project, Max, a fourth-year teacher, was the 

8th grade science teacher and the lead science teacher at his school. The project began in January 

and spanned the full second semester. 

All three of Max’s science classes participated in this project (91 students total). Students 

chose their own pseudonyms for this paper. At this school, 85% of the students qualify for free 

and reduced lunch. The school is culturally and linguistically diverse; 53% of students identify as 

Black or African American, 31% as Hispanic or Latino, 15% as White, and 1% as Asian. 

Students with disabilities make up 11% of the school, and 8% of students are English Learners.  

Max and the first author, Ashlyn, co-designed and co-taught all of the lessons for the 

project. Lessons typically took place twice a week (on Tuesdays and Wednesdays) during 

students’ 55-minute science class periods over the course of approximately five months, for a 

total of 33 days (Table 2 provides a sequence and summary of learning activities). During the 

remaining two science class periods each week (on Mondays and Thursdays), students prepared 

for the state science assessment, typically with lectures and practice packets of multiple choice 

and short-response questions.  

This project consisted of three cycles. During each cycle, students chose to focus on a 

new research question. Students developed their Cycle 1 research question as a class during their 

first encounters with the garden as they observed that some parts of the garden were more moist 

than others. Then, they worked in small groups of three to five students to construct models to 

investigate the relationship between soil moisture and a variable of their group's choice, such as 

depth of soil, presence or absence of roots, or shade. The students began by observing the garden 
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and drawing diagrammatic models that highlighted patterns they noticed or were puzzled by. 

Then, they tested the relationships within their phenomena in their classroom with physical 

microcosms and computational models.  Though most groups’ findings were straightforward, the 

groups that investigated roots presented inconsistent and inconclusive findings.  

Therefore, in Cycle 2, Max and Ashlyn encouraged students to investigate roots. Each 

group constructed models to explore the relationship between roots and their surrounding 

environment in terms of a variable of their group's choice, such as symbiotic relationships with 

bacteria and fungi, transpiration, hydrogen pumps, and root growth through mitosis and 

elongation. In this cycle, students began by using online research to draw diagrammatic models 

of their predictions about these mechanisms. They tested these relationships with both physical 

and computational models and used data collected from the physical and computational models 

to revise their diagrammatic models to improve the models’ accuracy and explanatory power.  

This work increased students’ awareness of ecosystem services provided by plants, and 

several students suggested researching phenomena in which plants performed services that could 

benefit their school community for Cycle 3, such as phytoremediation of heavy metals in soil, 

carbon sequestration, and the absorption of airborne toxic chemicals. During this cycle, students 

did not have time to engage with physical and computational models, however, they created 

diagrammatic models based on their predictions and online research, presented their models to 

younger students in the school, and selected plants to grow inside and outside of the school. On 

the last day of the school year, students planted these plants in and around the school.   
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Table 2 

Sequence and Summary of Learning Activities 

Cycle Days Activity Type Description 

Cycle 1: 

Why is the 

soil in the 

garden more 

moist in 

some places 

than in 

others?  

1 Reflection Students define and develop criteria for good 

models. 

2-4 Diagrammatic 

Model 

Students observe and draw diagrammatic 

models about soil moisture in the garden. 

5-7 Physical Model Students plan and build physical models to test 

the mechanisms predicted in their 

diagrammatic models. 

8-11 Computational 

Model 

Students plan and build computational models 

in StarLogo Nova and make predictions about 

a new setting: a soil ecosystem with various 

toxins.  

12 Physical Model Students identify trends in the data collected 

from their physical models and draw 

conclusions. They identify the relationship 

between roots and their surrounding 

environment as a gap in their understanding.   

13 Reflection Students reflect on modeling practices and 

advantages and limitations of models that they 

have used. They re-define “model.” 

Cycle 2: 

How do roots 

interact with 

the 

surrounding 

environment? 

14-16 Diagrammatic 

Model 

Students ask questions about roots and the 

surrounding environment informed by the 

Cycle 1 models and internet research. They 

draw diagrammatic models to represent 

mechanisms related to their new questions.   

17-19 Computational 

Model 

Students plan and build computational models 

in StarLogo Nova.  

20-21 Physical Model Students plan and build physical models to test 

their predicted mechanisms. 

22-25 Diagrammatic and 

Mathematical 

Models 

Students use mathematical expressions and 

graphs to represent large-scale applications of 

their Cycle 2 mechanisms. They explain these 

mechanisms using diagrammatic models.   

26-28 Diagrammatic and 

Physical Models 

Students identify trends in the data collected 

from their physical models and draw 

conclusions and refine their initial 

diagrammatic models.  

Cycle 3: 

How can 

plants help 

our 

community? 

29-34 Diagrammatic 

Models and 

Reflection 

Students suggest focusing on ecosystem 

services of plants. They develop research 

questions and draw diagrammatic models to 

represent predicted mechanisms. They present 

their models to stakeholders, then implement 

their mechanisms. Each day, they reflect on 

modeling practices. 



 
22 

Methods 

We consider this work a design study (Cobb et al., 2003; Sandoval, 2014) because we conducted 

three consecutive cycles of modeling instruction and iteratively refined our initial conjectures 

throughout the project. As a result, the methods, design, and findings are tightly coupled. In this 

section, we will address our methods of data collection and analysis. The results of our analyses 

are reported in the Findings and Discussion sections. 

Data collection 

Throughout the project, we collected data from a variety of sources to triangulate evidence of 

students’ modeling epistemologies and practices. During each class period, we collected: video 

recordings of the classroom, audio recordings of Ashlyn’s conversations with students during 

group and individual work, student artifacts such as models and written reflections, and Ashlyn’s 

field notes from each class period. Field notes describe each activity structure, how activities 

differed between the three class periods, instructional decisions made during class, reflections on 

conjectures, and notes about students’ demeanor and participation. In addition to this detailed 

longitudinal data collection, we also collected baseline and summative data at the beginning and 

end of the project to provide benchmarks for student progress over the course of the semester as 

described in the following paragraphs. 

To gauge students’ initial conceptions of modeling, we prompted students to reflect on 

modeling during the first two days of the project. On the first day, we collected baseline data by 

asking students to define the term “model.” Though students had encountered diagrammatic 

models in science texts, we were concerned they would not recognize these representations as 

models. To create a frame of reference for discussing models, we presented students with a 

handout with two columns. The left column was labeled “pictures” and contained three 
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photographs: a plant cell, a flashlight casting a shadow, and a lake. The right column was labeled 

“models” and contained a corresponding model for each photograph. The cell model illustrated 

the process of photosynthesis, the flashlight model demonstrated the formation of shadows, and 

the lake model depicted the water cycle. We asked students to compare the models and the 

photographs. Then, we asked students to define the term “model” in small groups.  

On the second day, students had an opportunity to observe and draw the school garden, 

which allowed us to collect baseline data for students’ diagrammatic modeling practices. Before 

students went outside to draw the garden, Max showed the students two “non-examples” of 

models and encouraged students to suggest improvements. Max’s first non-example showed a 

garden bed filled with lines to represent grass. Max noted that there were many plant species in 

the garden (not only grass) and encouraged students to attend to the variation among the plants in 

their drawings. In the second non-example, Max drew details that he imagined could be part of 

the garden, but that he had not actually observed, like a rain cloud, a flower, and a bunny. He 

emphasized that students’ drawings should only include factors that were present in the garden. 

When students went outside to draw the garden, we provided gardening tools, like trowels and 

small rakes, so the students could pull aside dead grass or dig into to the soil. 

In addition, we collected interview and written response data at the end of the project for 

retrospective analysis. The goal of these activities was to elicit students’ beliefs about each 

category of the learning progression in relation to the diagrammatic, physical, and computational 

models that they had constructed throughout the semester. We used the same prompts for 

interviews and written responses. All students responded to the prompts in writing during class. 

Then, we selected 30 of the students to interview to gain a deeper understanding of their 

responses and the experiences that informed them. We selected students for interviews by 
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classifying each student as high, middle, or low based on their standardized science test scores. 

We randomly selected ten students from each class period, approximately a third of whom were 

classified as high, a third as middle, and a third as low. This allowed us to sample students across 

a range of abilities and experiences for interviews. 

On the last day of school, we collected retrospective data in the form of an assessment. 

Students completed the “Students’ Understanding of Models” (SUMS) multiple-choice 

assessment (Treagust et al., 2002). We matched each question to the levels of the modeling 

learning progression. We found that these data typically overestimated students’ levels on the 

learning progression relative to their written reflections and models. A limitation of the SUMS 

data is that about 13% of students were absent on this day. Still, the SUMS assessment provides 

an interesting cautionary lens because the results suggested more sophisticated beliefs and 

practices than those typically enacted by the students. 

Data analysis 

Data analysis necessarily unfolded in relation to students’ participation in our design. Our 

ongoing analysis was critical to informing the evolution of the curriculum and supports for 

students. We focused our analysis on evaluating and revising our conjectures about how to 

support students in engaging more frequently in Level 3 and 4 modeling conceptions and 

practices throughout the semester. In order to evaluate the effectiveness of our design, we needed 

to consider the affordances of our lesson activities with regard to students’ engagement in 

practices identified in the learning progression. After each day with the students, Ashlyn used the 

video and audio recordings to verify and elaborate her field notes. Then, she analyzed the 

elaborated field notes and any student artifacts collected, such as models or written responses, 

using qualitative data analysis software. To analyze the data, we created initial coding categories 
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based on the Schwarz and colleagues learning progression, but we continued to critically 

evaluate data for evidence of beliefs or practices not represented in the progression.  

Each Friday, Max and Ashlyn met to review and revise both the coding categories and 

the way data were classified into these categories using constant-comparative analysis (Strauss & 

Corbin, 1990). This method was particularly important for instances of Level 4 epistemologies 

and practices; we debated the parameters of Level 4 expressions in students’ models, reflections, 

and conversations because existing literature often does not provide empirical examples of these 

performances. After reviewing how data were coded, we looked for patterns or trends within the 

coded data. We considered our previous conjectures in light of these data, evaluating the extent 

to which our lesson activities supported students in reaching learning goals for the day. We 

identified high leverage areas for growth on the progression and created revised conjectures to 

support these new learning goals.  Then, we designed lesson activities to test the new 

conjectures.  

Findings 

We present our findings by category of the learning progression. For each category of the 

learning progression, we first describe our initial conjectures about supporting students in higher 

levels of modeling based on the initial modeling performances that we observed during the 

semester (see Table 3 for a summary of design conjectures). We next propose revisions to 

expand or specify the learning progression to enhance its utility for researchers and educators 

developing modeling curricula. We conclude each category with an analysis of the nature of 

high-level performances to operationalize Level 4 modeling practices achieved in these 

conceptual and representational contexts, as well as revisions to our conjectures across 

subsequent cycles of the project to support these high levels of performance.  



 
26 

Table 3 

Design Conjectures by Category of the Learning Progression 

Category Design Elements Mediating Processes Anticipated Outcomes  

A. Salience-

Generality 

Diagrammatic models 

 

 

Represent patterns 

 

 

Propose explanations 
 

 

Symbols, conditions  

 

Consider inclusion or 

exclusion of elements of 

phenomena 

 

Represent relationship rather 

than specific cases 

 
Represent unseen or abstract 

phenomena 

 

Use models as general tools 

 

Level 4: Models 

represent unknown 

phenomena or ideas 

B. Audience/ 

User 

Shift among model 

types  

 

Physical models  

 
 

Use models to construct 

knowledge  

 

Test ideas 

Level 3-4: Models are 

communicative and 

constructive tools 

C. Evidence Accessible, tangible 

phenomena 

 

Limit initial access to 

authority sources 

 

Collect data  

 

 

Ground models in data 

collected 

Level 3: Models are 

justified with general 

empirical evidence 

 

D. Mechanistic-

Generative  

Physical, 

computational models 
 

Represent, explain 

patterns 

 

Represent cause-and-effect 

relationships 
 

 

Generate mechanistic 

relationships 

 

Level 4: Models are 

predictive, generative 
tools 

E. Revision Shift among model 

types  

 

Collaboration 

 
 

Nuanced questions 

 

 

Access to online 

resources during 

revision 

Collect anomalous data 

 

 

Reflect on explanatory 

power of models 
 

Adjust rather than reject 

initial models  

 

Consider alternative models 

Level 3-4: Models are 

revised in response to 

data and to increase 

explanatory power 
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Salience-Generality  

The Salience-Generality category of the learning progression suggests that students could 

describe models in the following ways: models are literal representations of specific phenomena 

(Level 1), models are representations of potentially unseen phenomena (Level 2), multiple 

models can represent the same phenomena (Level 3), and models are abstract representations of 

ideas (Level 4).  

Initial Conjectures and Modeling Performances 

Initially, we conjectured that interaction with diagrammatic models would support high-level 

practices in the Salience-Generality category because students would be encouraged to consider 

the inclusion and exclusion of different aspects of phenomena in the representational context of 

static, two-dimensional representations. However, on Day 2 when students created their first 

diagrammatic models of the garden, 65% of students created literal representations (Level 1). We 

conjectured that most students created literal models because the students had not yet established 

criteria for determining what was relevant or irrelevant in their models. Therefore, on Day 4 of 

Cycle 1, we encouraged students to use their models to represent a pattern that they noticed in 

the garden and to propose an explanation for their pattern. About 50% of the students represented 

unseen phenomena in their models and about 75% of the students created abstract models. Our 

current conjecture about this activity is that the epistemic aim of representing a mechanism is 

one way to support students in representing abstract and unseen phenomena (Level 2) rather than 

creating literal models (Level 1) because focusing on a mechanism provided students with a lens 

for what was important to include in their models. 
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Expanding the Learning Progression: Abstraction 

To support application of the learning progression across a broader set of curricula, we propose 

expanding Level 2 of the Salience-Generality category from “models consider things that are 

inaccessible to the senses” to “models are abstractions” (Table 4). Considering things that are 

inaccessible to the senses is an important means of abstraction because it allows students to 

generalize the literal phenomena that they observe. We noticed, however, that students also 

engaged in two other strategies of abstraction that might be considered appropriate for Level 2.  

Table 4 

Refined Learning Progression for Salience-Generality 

Category Level 

A. Salience-

Generality 

1. Models are literal illustrations of a single phenomena  

2. Models are abstractions and can represent multiple similar 

phenomena 

3. Multiple models can represent the same phenomena, one model can 

represent multiple phenomena 

4. Models can represent unknown phenomena or ideas 

 

The first strategy involved students dividing their models to show conditions. 

Representing conditions allowed students to compare outcomes in an ecosystem given the 

presence or absence of a component that affected their predicted mechanism. By choosing what 

to represent in each condition, students were necessarily choosing to amplify salient aspects of 

their phenomenon.  

For example, in her Cycle 2 computational model, Caroline represented two conditions: 

root-caps and no-root-caps (Figure 1). Caroline read that root caps contain statocyte cells that 

perceive gravity to help the root grow downward. In her computational model, she created the 

root-caps condition by programming rules that allowed roots to grow downward with a chance of 

growing left or right. To predict how a root would grow without root caps, Caroline removed the 
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grow-downward rule, so that the roots had a chance of growing either up or down. We conjecture 

that representing different conditions within their models helped students use models as general 

tools for considering phenomena that are relevant to a range of situations rather than use models 

to represent specific literal cases.  

 

Figure 1: Computational model that shows conditions, symbols, and unseen phenomena. 

 

The second way involved students representing components of phenomena with symbols. 

This strategy allowed students to create salient representations of ideas rather than recreate 

observed phenomena. For example, Caroline used large pink cubes to represent plants, small 

gray cubes to represent roots, and black cubes to represent rocks. The modeling program allowed 

students to select flower shapes that would provide literal representations of the components that 

Caroline was representing. Her choice to use symbols rather than more literal representations 

demonstrates that Caroline was engaged in a practice of choosing productive abstractions rather 

than literal representations.  
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We found that students used conditions and symbols in their physical models as well. The 

conversation below occurred as Jack was building his physical model during Cycle 1: 

Ashlyn:  What is your mechanism? 

Jack:  We think that deep roots and shallow roots will affect soil moisture. The 

deeper roots will make the soil drier. 

Ashlyn:  Oh, ok. So what is the felt [cloth]? 

Jack:  That’s for instead of the roots. It doesn’t take as long as growing real roots 

and so we can measure it faster and we can make it short or long as we want.  

During this interaction, Jack was designing two conditions in his physical model to create a 

comparison that would allow him to test his prediction about soil moisture. He was able to create 

an abstract representation from his literal observation by choosing to use felt instead of real plant 

roots, noting that using felt “doesn’t take as long” and can be “short or long as we want.” Jack 

decided that these factors outweighed the benefits of using literal roots, showing that he 

prioritized testing the effect of the depth of absorbent materials over recreating the shallow and 

deep roots that he found while observing the garden. After using this model, Jack ultimately 

decided that felt and roots were fundamentally different substances and that his model did not 

adequately test the relationship between roots and moisture. Still, this experience helped Jack 

engage in an advanced perception and use of models because he recognized that models have the 

capacity to represent ideas or relationships as opposed to serving as literal re-creations of 

phenomena. 

Using and valuing conditions and symbols demonstrates a similar level of modeling 

practice to representing unseen phenomena. We conjecture that all of these strategies help 

students use their models as abstract tools rather than as specific literal representations. Including 

symbols and conditions in this level of the progression identifies additional resources that can be 
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leveraged by both teachers and students to help students develop more salient and general 

conceptions of modeling.  

Level 4 Performance for Salience-Generality: Models as ideas 

The Schwarz and colleagues’ progression proposes that Level 4 performances in the Salience-

Generality category involve students viewing and using models as tools for representing ideas 

and unknown phenomena. This interpretation of a Level 4 performance was easily identified in 

students’ reflections about modeling. For example, Kingston defined a model as, “a picture of 

what you are thinking about a topic,” and Jack wrote, “models don’t need to actually look like 

the real thing they only need to explain the idea or nature of it as much as possible.” We noticed 

that students tended to demonstrate this performance when they used models to reason about 

unknown phenomena. 

We present Rachel’s initial and revised models of evapotranspiration as an extended 

example of Level 4 practice. At the beginning of Cycle 2, Rachel asked, “how do roots interact 

with water?”  After researching this topic online, she summarized,  

Root hairs act like sponges at the tip of the root that absorbs water and nutrients, sending 

them through the root. The more hairs that there are on the root, the larger amounts of water 

the root absorbs. The root pressure that causes water to escape from the top of the plant 

also causes the root hairs to absorb more water. 

She represented this relationship in her initial diagrammatic model as well as in a computational 

model. To test this relationship, Rachel identified two legumes with different amounts of root 

hairs: crimson clover (fewer root hairs) and hairy vetch (more root hairs). By planting her seeds 

in a clear cup, she was able to observe root growth and confirm that crimson clover had fewer 

root hairs than hairy vetch. She ensured that both plants received the same amount of water each 

afternoon. Each morning, she measured soil moisture with a soil moisture probe to determine 

how much water had been absorbed by the roots overnight. Contrary to her prediction, she found 
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that “the crimson clover produced less root hairs than the hairy vetch but still tended to absorb 

more or less the same amount of water.”  

To reason about these data, Rachel returned to her original model. She noticed that her 

models de-emphasized an important aspect of the phenomenon: that the water leaving the plant’s 

leaves causes a pressure gradient that pulls water through the roots. She proposed that the 

number of leaves might be more important to water absorption than the number of root hairs. In 

her revised model, she represented two conditions: the left side of the plant had more leaves, 

increasing evapotranspiration and the amount of water absorbed, while the right side showed 

fewer leaves, decreased evapotranspiration, and less water being absorbed. After revising her 

diagrammatic model, she went back to her data to check the new model’s fit with the data. She 

noticed that the crimson clover had more leaves than the hairy vetch and that the clover’s leaves 

were larger. Her new model had the power to explain why the clover would absorb more 

moisture than the hairy vetch on some days: since the clover had fewer root hairs, but more 

leaves, its moisture absorption could be “more or less the same” as the hairy vetch.   

Table 5 

Percentage of Students at Each Level of the Salience-Generality Progression 

Time Activity No data Level 1 Level 2 Level 3 Level 4 

Beginning 

Reflection 58.3 0 25.0 16.7 0 

Modeling 0 64.8 35.2 0 0 

Average 9.0 49.1 38.5 3.4 0 

Cycle 1 

Reflection 45.1 0 9.9 43.9 1.1 

Modeling 0 26.5 73.5 0 0 

Average 22.4 13.3 41.7 22.0 0.6 

Cycle 2 Modeling 0 20.1 64.5 15.4 0 

Cycle 3 

Reflection 0 0 14.7 55.6 29.7 

Modeling 5.5 0 12.1 59.3 23.1 

Average 2.5 0 13.4 57.5 26.4 

End 
Interviews 0 0 3.3 76.7 20.0 

SUMs 13.1 0 4.4 12.1 70.3 
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We consider Rachel’s performance an example of Level 4 practice for Salience-

Generality because she used her models as a way to make sense of the relationship between 

different factors that affect evapotranspiration. When Rachel was presented with anomalous data, 

she used her model as a resource to generate ideas that could explain the data, revising her 

conception of the phenomenon to highlight the role of leaves in evapotranspiration. We currently 

conjecture that shifting among models was critical in supporting this practice. Rachel was able to 

generate new ideas about evapotranspiration because she was able to critique her initial 

diagrammatic and computational representations with data collected from her physical model.  

We found few examples of this level of practice; only about 25% of the students 

demonstrated Level 4 performances by the end of the project in either reflection or as they were 

constructing models (Table 5), and no student demonstrated Level 4 performances across all 

conceptual and representational contexts. These data demonstrate, however, that middle school 

students are able to engage with Level 4 practices and epistemologies. Moreover, according to 

the SUMs assessment, most students agreed that models are representations of ideas rather than 

representations of specific literal cases. Although this declarative knowledge is not comparable 

to enacting beliefs in practice, it suggests that middle school students can describe and use 

models as representations of ideas when they are encouraged to reason across models. 

Audience 

The audience category considers students’ intended audience and the purpose of the models they 

construct. Level 1 of Schwarz and colleagues’ progression focuses on creating models for the 

teacher. Level 2 focuses on models as teaching tools that can provide information for others. The 

progression suggests that students can also adopt a perception and use of models as collaborative 

tools with which students communicate their thoughts to others and receive feedback (Level 3). 
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Level 4 hypothesizes that students will be able to see and use models as tools for thinking and 

constructing knowledge.  

Initial Conjectures and Modeling Performances 

Initially, we conjectured that shifting among model types would support students in seeing 

models as tools. We assumed that students would intuitively recognize models as 

communicative, and we did not explicitly design to support this performance. During the project, 

we found that the collaborative nature of students’ tasks supported them in using models for 

communication. Throughout the semester, students shifted between perceptions of models as 

tools for communication and for constructing knowledge, sometimes voicing both perspectives 

simultaneously.  

For example, Dylan’s initial description of models indicated that she saw models as tools 

for teaching (Level 2). This perspective was typical for our students; in their Day 1 definitions of 

models, over 50% of the students wrote that models could be used to “show information” or 

“teach.” Similarly, when prompted to describe the purpose of the diagrammatic models they 

constructed on Day 2, about 20% of students wrote that their models were intended to show 

information to others or teach others. On Day 2, Dylan wrote, “Models can be used to easily 

teach others of a certain relationship.” This perspective is likely a result of how students were 

using their models. At this point in the project, students were showing their models to their peers, 

but they had not yet used their diagrammatic models to design physical models to test their ideas. 

At the end of Cycle 1, Dylan described models as tools for constructing knowledge. On 

Day 13, Dylan wrote, “Models are used to make predictions about mechanisms and to see the 

relationship between two variables. Physical models can also be used to test the relationship 

between two specific variables to help understand your mechanism.” In this description, Dylan 
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focused on models as constructive tools and did not address their utility as communicative tools 

for teaching or collaboration, engaging at Level 4 of the Schwarz progression (models as 

constructive tools). Dylan’s development in the Audience category was representative of her 

peers; by Day 13, 52% of students described models as constructive tools, while only 9% 

described models as collaborative tools. These data suggest that physical modeling increased 

students’ opportunities to perceive models as tools for constructing knowledge. While 

diagrammatic modeling had affordances for communicating with others, physical models were 

better suited to testing ideas.  

Revisions to Learning Progression 

We did not observe patterns in students’ modeling performances suggesting revisions to the 

learning progression for this category for Levels 1 and 2, but we did see patterns suggesting 

reframing Levels 3 and 4 which we will describe in the section below. 

Level 3 and 4 Performance for Audience: Models as collaborative/constructive tools 

Rather than describing models as communicative or constructive, by the end of the project, some 

students presented nuanced conceptions of models’ purposes that described them as both 

communicative and constructive. We propose re-framing Level 4 of the trajectory to represent 

this perspective. For example, when prompted to describe why people use models on Day 32, 

Haily wrote: 

When you make models it is more hands on, so you have the ability to figure out what you 

understand or what you have questions about. You can talk to other people and see what 

their models are like or you can add things to your model and figure out you didn’t 

understand before and what you understand now. When scientists share models, you can 

see what they are thinking and it is really easy to talk to each other and communicate just 

though the models.  

In her explanation, Haily first described models as tools for constructing knowledge, 

characterizing modeling as a process that supports building understanding and asking questions. 
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She then pivoted to a more collaborative perspective of models as she described comparing 

models and using models to communicate.  

Because models are used as collaborative and constructive tools in the scientific 

community (Chandrasekharan & Nersessian, 2014), we see conceptions of models like Haily’s as 

valuable epistemic resources. Therefore, we propose modifying the specification of the learning 

progression so that student performance is classified as Level 3 if models are perceived as either 

collaborative or constructive tools and as Level 4 if models are considered both collaborative and 

constructive tools (Table 6). We conjecture that by engaging in diagrammatic modeling, which 

highlights models as tools for communication, and physical modeling, which emphasizes 

constructing knowledge, over the course of the semester, students developed a general 

conception of models that could accommodate both collaborative and constructive aims. 

Table 6 

Refined Learning Progression for Audience 

Category Level 

B. Audience 

1.  Models are made for the teacher  

2.   A) Models are made to show what I think       

 B) Models are made to help others understand  

3.  A) Models are made to communicate with others  

 B) Models are made to help me think 

4. Some models are made to communicate with others, and some models 

are made to help me think 

 

 A challenge for this framing, however, is that we were unable to identify Level 4 practice 

in artifacts (e.g., students’ models). To do so, we would need to make inferences about students’ 

intentions and purposes as they were creating their models. Therefore, to collect data about 

students’ beliefs and practices while modeling, we asked students to describe choices that they 

made as they were constructing their models. Students reflected on these choices in writing and 

in discourse. Both forms of data are presented in Table 7.  
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Overall, the percentage of students who described their models as collaborative and 

constructive increased in their written reflections throughout the semester. By the end of the 

project, roughly 25% of students expressed a belief that models are both collaborative and 

constructive in these reflections, and over 50% of the students identified models as either 

collaborative or constructive tools (Table 7). Similarly, during the end-of-semester interviews, 

almost all students described models as a tool for learning and a tool for communication.  

Table 7 

Percentage of Students at Each Level of the Audience Progression 

Time Activity No data Level 1 Level 2 Level 3 Level 4 

Beginning Reflection 41.7 0 58.3 0 0 

Cycle 1 Reflection 25.2 0 19.8 37.4 17.6 

Cycle 2 Modeling 47.2 1.1 25.3 22.0 4.4 

Cycle 3 Reflection 0 0 13.2 58.2 28.6 

End 
Interviews 0 0 0 3.3 96.7 

SUMs 13.1 1.1 3.3 0 82.4 

 

It is important to note, however, that when engaged in model construction, students’ 

sense of purpose in terms of audience was more tenuous. Even when explicitly prompted to 

describe choices that they were making while modeling during Cycle 2, only about 50% of the 

students connected their choices to constructive or collaborative purposes. Of these students, 

roughly 50% described their models as tools for showing others information (Level 2), and 

approximately 50% described their models as tools for collaborating or for constructing 

knowledge (Level 3). Less than 5% of students identified both purposes (the revised definition of 

Level 4 for Audience). As in the Salience-Generality category, no students exhibited Level 4 

performances for the Audience category across all conceptual and representational contexts. 

 The cause of the gap between students’ sense of audience in written reflections and their 

sense of audience during model construction is unclear. As we suggested in the Salience-
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Generality category above, it is possible that the gap was created by the difference between 

students’ declarative knowledge and knowledge-in-practice. Students may also have perceived 

their own models as different from models in general, affecting their responses to these prompts. 

It is also likely that learning activities shaped students’ beliefs and practices; for example, the 

task of writing may have provided greater affordances for considering audience and purpose, 

while the task of physical modeling encouraged students to focus on the material challenges of 

constructing knowledge.  Exploring the affordances of these activities for engaging in high-level 

practice is important because it has implications for how students construct, use, and perceive 

their models. 

Evidence 

The Evidence category describes how students justify their models. Schwarz and colleagues’ 

progression proposes only three levels of practice in terms of evidence: students believe that no 

justification is needed for models (Level 1), students justify their models with prior knowledge, 

authority, or specific cases (Level 2), or students justify their models with empirical evidence in 

general (Level 3).  

Initial Conjectures and Modeling Performances 

Initially, we conjectured that providing students with accessible, tangible content would support 

high-level practice in the Evidence category, because students would have direct access to the 

phenomena they were studying rather than relying on external sources. Our data supports this 

conjecture; in our classrooms, from the beginning of the semester to the end, the majority of the 

students demonstrated Level 3 conceptions of modeling in the Evidence category (Table 8).  

Our students’ first modeling activity encouraged them to justify their models with general 

empirical evidence (Level 3). When students created their diagrammatic models on Day 2, they 
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were asked to create a model based on observations from the garden. This activity discouraged 

the Level 1 perspective that no justification is needed for models, because students’ models were 

explicitly grounded in their observations of the garden. The activity structure also reduced 

students' opportunities to adopt Level 2 justifications because (a) few students had prior 

knowledge about the garden, (b) students had no access to authority information sources like 

textbooks (because they were outdoors) or teachers (because Max and Ashlyn did not provide 

any content-related information), and (c) students attempted to represent all five garden beds in 

one image, discouraging them from creating case-specific representations. As a result, from the 

beginning of the project, this activity provided strong opportunities for students to engage with 

the Level 3 perspective that models are warranted by general empirical evidence.  

Table 8 

Percentage of Students at Each Level of the Evidence Progression 

Time Activity No data Level 1 Level 2 Level 3 Level 4 

Beginning Modeling 4 31.2 0 64.8 0 

Cycle 1 Modeling 0 4.2 0 91.6 4.2 

Cycle 2 Modeling 0 2.2 2.2 80.2 15.4 

Cycle 3 Reflection 0 0 4.0 92.0 4.0 

End 
Interviews 3.3 0 3.3 76.7 16.7 

SUMs 13.1 0 15.4 71.4 0 

 

Revisions to Learning Progression 

We did not observe patterns in students’ modeling performances suggesting revisions to the 

learning progression for Levels 1 – 3, but we did see performances suggesting the addition of a 

Level 4, which we describe in the section below. 

Level 4 Performance for Evidence: Critically evaluating data 

 Schwarz and colleagues do not include a Level 4 in the Evidence category in their learning 

progression. We propose that critically evaluating data (proposed Level 4) logically follows from 
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justifying models using general empirical evidence (Level 3) because this practice challenges 

students to interrogate and question the data that they use to justify their models (Table 9). 

Students in our classrooms rarely exhibited this practice, and no students engaged in this level of 

performance across all conceptual and representational contexts. Because we did not consider 

engaging students in critiquing their data as an extension of this category until late in the project, 

we did not design supports to help students engage in critiquing their data. However, we 

conjecture that this practice is a feasible extension of the progression that brings students closer 

to scientific practices of modeling, which involve not only capturing natural phenomena but also 

negotiating how data should be used to justify claims (Pickering, 1995; Shapin & Schaffer, 

1985).  

Table 9 

Refined Learning Progression for Evidence 

Category Level 

C. Evidence 

1. No justification needed  

2.  A) Content knowledge       

B) Authority  

C) Evidence in a specific case  

3. General, empirical evidence  

4. Critically evaluating data 

 

We present an example of this practice from Alaina. Like Rachel, Alaina predicted that 

plants with more root hairs, such as hairy vetch, would absorb more water than plants with fewer 

root hairs, such as crimson clover. To collect data, Alaina measured the moisture of her soil each 

afternoon, immediately after watering the plants, and each morning. Moisture was measured with 

a moisture probe on a 1 to 10 scale. Alaina calculated the difference between the moisture value 

recorded after each afternoon and the following morning to represent the amount of water 

absorbed by the plants each day. Initially, she averaged the change-in-moisture value of each 

plant over the seven days of data collection. She found that the crimson clover averaged a 
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change-in-moisture of 2.83, while the hairy vetch averaged a change-in-moisture of 3.3, 

suggesting that the hairy vetch absorbed more water than the crimson clover on average. These 

data supported her prediction; the hairy vetch, which had more root hairs, absorbed more water 

than the crimson clover. To confirm her findings, Alaina plotted the daily absorption of water as 

a scatter plot. She found that “the amount of water absorbed each day had no correlation in either 

plant.” Alaina was faced with choosing between the average values, which supported her 

prediction, and the scatter plot, which did not support her hypothesis. Ultimately, she decided 

that the averages were hiding that there was no clear trend in the scatter plot data and decided 

that her data “had failed to support” her mechanism. Alaina thus moved beyond justifying her 

model with general empirical evidence by questioning and critiquing her data, actively 

suggesting potential errors in her model like the plants being “given too much water each day.”  

Our analysis of work like Alaina’s suggests that anomalous or conflicting accounts of 

data prompt Level 4 practice in the Evidence category. Based on this observation, we propose 

that providing opportunities for students to problematize variance by collecting data that could 

be represented in a number of ways could support Level 4 practice in this category. While 

analyses like Alaina’s were rare in our project (at most, roughly 15% of students during Cycle 2), 

we propose that supporting students in critical data analysis is a meaningful way to engage in 

modeling as it is practiced in the scientific community and thus warrants further research.  

Mechanistic-Generative 

In the Schwarz and colleagues progression, the Mechanistic-Generative category describes 

students constructing models that depict rather than describe phenomena (Level 1), vaguely 

explanatory models (Level 2), mechanistic models (Level 3), and generative models (Level 4). 
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Initial Conjectures and Modeling Performances 

Initially, we conjectured that physical and computational models would support students in using 

and perceiving their models as mechanistic and generative tools, because these models would 

emphasize cause-and-effect relationships and present data that resisted students’ explanations of 

phenomena. Throughout the semester, we found that diagrammatic models also supported high-

level practice. In this section, we describe the scaffolds that supported students in engaging with 

high-level practices in the Mechanistic-Generative category.  

Table 10 

Percentage of Students at Each Level of the Mechanistic-Generative Progression 

Time Activity No data Level 1 Level 2 Level 3 Level 4 

Beginning 

Reflection 16.7 20.8 0 62.5 0 

Modeling 0 63.7 31.9 2.2 2.2 

Average 8.2 42.3 16.0 32.4 1.1 

Cycle 1 

Reflection 0 20.9 0 74.7 4.4 

Modeling 0 15.9 9.1 75.0 0 

Average 0 18.4 4.6 74.9 2.2 

Cycle 2 Modeling 0 0 4.8 50.0 45.2 

Cycle 3 

Reflection 0 0 0 37.6 62.4 

Modeling 0 0 0 54.5 45.5 

Average 0 0 0 46.1 53.9 

End 
Interviews 0 0 0 0 100.0 

SUMs 13.1 3.3 0 18.7 64.8 

 

When we collected baseline data for diagrammatic modeling on Day 2, we noticed that 

while most students’ models were descriptive, a few students identified patterns within their 

models (Table 10). For example, in Meristem’s model, she noted, “the thicker the layer of grass, 

the wetter the soil underneath.” We conjecture that identifying such patterns is foundational for 

developing mechanisms because mechanisms explain why such patterns occur. We leveraged 

pattern identification to help students build predicted mechanisms by encouraging them to 



 
43 

identify puzzling patterns and make predictions about causal explanations for those patterns. For 

example, prompting Meristem to explain the pattern that she identified led to mechanistic 

physical and diagrammatic models. In these models, she investigated mechanisms that regulate 

soil moisture, such as rate of evaporation at different depths of soil, rate of water absorption from 

roots, and differences in evaporation caused by shade from a variety of dead and alive plants.  

Specifying the Learning Progression: Patterns  

We conjecture that the language of identifying patterns is an important scaffold for both students 

and teachers in helping students create mechanistic rather than descriptive models; once students 

observe patterns, they can use their patterns as focal points to build predicted explanations and 

design measures to test their explanations. Therefore, we propose refining the specification of 

Level 2 of the Mechanistic-Generative category as “illustrating patterns” (Table 11).  

Table 11 

Refined Learning Progression for Mechanistic-Generative 

Category Level 

D. Mechanistic-

Generative 

1. Descriptive only 

2. Illustrates patterns 

3. Represent a mechanism to explain a predicted phenomena 

4. Predict and generate questions about possible new phenomena 

 

Students indicated that they valued patterns as a scaffold for creating mechanisms in their 

interviews. We present an excerpt of Max’s interview with Connie below: 

Max:   Before you create a model, do you look for patterns? 

Connie:   We do look for patterns to see what we are actually going to create a model 

of. 

Max:   Do you think that looking for patterns is helpful? 

Connie:   It’s helpful because if you don’t look for patterns, then you will be stuck on 

what you want your mechanism to be. 

Max:   And what do you mean about mechanism? 
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Connie:  A mechanism is a prediction that you make that . . .  

Max:   If you want to give an example of a mechanism and then explain what it is, 

you can. 

Connie:   Okay, one mechanism was, “what causes plants to grow is mycorrhizae 

because it reaches more nutrients, which causes the plant to grow.”  That is 

a mechanism because it is showing how something happens, and provides 

an explanation.   

Max:   Why do you think a pattern is necessary to get to that step? 

Connie:   A pattern is needed because in a mechanism – because in a mechanism you 

need to find a problem, and without a pattern you can’t see what the problem 

is and how to solve it. 

During the interview, Connie described identifying patterns as an important step in 

creating a mechanism. She explained that without a pattern, someone could get “stuck” as they 

developed a predicted mechanism. From her perspective, patterns helped students identify 

problems to solve or processes to explain. In the interviews, all but one of the students described 

patterns as the first step in creating a mechanism. Based on our analysis of student interviews 

and models, we conjecture that identifying patterns is a valuable scaffold for creating 

mechanistic models, and therefore propose revising the specification of Level 2 as “illustrating 

patterns” rather than “vaguely explanatory models.” 

Level 4 Performance for Mechanistic-Generative: Questions and predictions  

We identified evidence of Level 4 beliefs and practices both in students’ reflections about 

modeling and in the models that they created. Reflections were classified as Level 4 if they 

described models as generative predictive tools. For example, when prompted to describe the 

purpose of models on Day 32, Dylan wrote:  

People use models to make predictions about a possible solution to a problem, make 

predictions about why things happen a certain way, and ask questions about the 

environment.  
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Dylan’s description was representative of a majority of the students. By the end of Cycle 3, over 

60% of our students described models as tools for generating predictions and questions. We 

classified students’ models as Level 4 if they included predictions or relevant unanswered 

questions. Approximately 45% of the students enacted this practice in their models by the end of 

Cycle 3, though no student engaged in this practice across all conceptual and representational 

contexts. We present illustrative examples of our interpretation of Level 4 practice below.  

In terms of predictions, we classified students’ models as Level 4 if they included 

predictions about the impact of a mechanism in a new setting. For example, Kingston’s initial 

mechanism for Cycle 2 predicted that mycorrhizae would help plants grow taller by acting as an 

extension of the plants’ roots so that the plant could take up more phosphorus, which is 

important for cell division and the development of new tissue in plants. In his diagrammatic 

model, he considered the mechanism of phosphorus uptake with mycorrhizae as a solution to a 

problem in a new setting: industrial phosphorous runoff. He predicted that introducing 

mycorrhizae near rivers would prevent eutrophication by preventing excess phosphorus from 

reaching rivers and causing algal blooms. In this sense, Kingston was able to use his model as a 

predictive tool that allowed him to export his mechanism to a new setting as a solution to a new 

problem. Initially, we conjectured that physical and computational models would support this 

type of reasoning, because they provide opportunities for students to think about phenomena in 

new settings. However, these data suggest that the abstract nature of diagrammatic models 

scaffolded students’ thinking about predictive representations of their phenomena.  

In terms of questions, we classified students’ models as Level 4 if students identified 

relevant unanswered questions during the process of model construction. For example, Nick and 

Da’Marcus’s Cycle 2 model represented the relationship between plants and rhizobia. They 
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intended to illustrate how rhizobia fix nitrogen for plants by converting atmospheric dinitrogen 

into ammonia, an important component of the chlorophyll needed for photosynthesis. As they 

were drawing their model, they realized that while they were aware of how rhizobia fixed 

nitrogen once hosted in a plant’s root nodule, they did not know how the plants recruited 

rhizobia or constructed nodules around the bacteria. They chose to research this aspect of their 

phenomenon as they were drawing their model. With online research, they found that rhizobia 

release calcium, which causes the roots to curl around the rhizobia bacteria, slowly forming 

nodules. They revised their model to include this process. We consider this an example of Level 

4 practice because Nick and Da’Marcus used their model as a generative tool: the modeling 

activity spurred them to ask questions beyond the scope of their original investigation, leading 

them to extend their model with additional research. We currently conjecture that the student-

driven nature of these activities supported Level 4 practice in this category. Because students 

were investigating questions that they developed, they were invested in learning about 

phenomena even after they answered their original questions.  

Revision 

The Revision category tracks students’ ideas and practices around revising their models. The 

Schwarz and colleagues learning progression for this category suggests that students can engage 

in a range of revisions practices, including believing that models cannot be revised (Level 1), 

revising their models based on authorities, like their teachers or textbooks (Level 2), revising 

their models based on empirical evidence (Level 3), and revising models to increase their 

explanatory and predictive power (Level 4).  

Initial Conjectures and Modeling Performances 
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Initially, we conjectured that thinking across model types would support students in engaging in 

revision practices as they encountered data that challenged their previous conceptions of their 

phenomena. Throughout the semester, however, we found that the collaborative nature of the 

project motivated students to engage in practices of revision for explanatory power as well. We 

currently conjecture that the structure of our activities prevented students from adopting Level 1 

and 2 practices in the Revision category. Because we provided students with opportunities to 

revise their models within the first week of class, they did not believe that models were 

unchangeable. Because we did not provide them with access to textbooks and did not act as 

content experts, they could not rely on authority sources to revise their models during Cycle 1.  

Table 12 

Percentage of Students at Each Level of the Revision Progression 

Time Activity No data Level 1 Level 2 Level 3 Level 4 

Cycle 1 Modeling 73.1 0 0 0 26.9 

Cycle 2 Modeling 0 0 0 88.2 11.8 

Cycle 3 Reflection 7.7 0 1.3 52.6 37.0 

End 
Interviews 6.7 0 6.7 66.7 20.0 

SUMs 13.1 2.2 0 73.6 11.0 

 

Yet, rather than making revisions rooted in empirical evidence (Level 3), we noticed that 

our students’ initial revisions were made to increase their models’ explanatory power (Level 4). 

We present an example of this type of revision from Rasheed. During his interview, when asked 

whether it is a good idea to change a model, Rasheed responded: 

I think that yeah, because you are not always going to get it right the first time, and it takes 

a team full of people, like “here is what is the problem is – we need to go back and change 

it.” Sometimes you want to add more detail to show more things and get people to 

understand as much as possible, so you add to it. Like yesterday I was drawing, and I was 

like, “well, we can’t just say plants don't take [carbon dioxide] out, we have to show that 

plants are there but they are doing slower photosynthesis and are just not taking it out as 

fast.” So that is when I went back and added things. Because there are other plants, but 

they are not doing photosynthesis as fast as the birch pine tree.  
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Rasheed was describing changes that he made to his Cycle 3 diagrammatic model about carbon 

sequestration. He revised the model by modifying the comparison condition in this model to 

improve its explanatory power. He decided that showing the birch pine tree’s capacity for carbon 

sequestration compared to other plants was more meaningful than comparing the birch pine to a 

condition without plants, therefore, he “went back to add things” to “get people to understand as 

much as possible.” We found that explanatory revision was more typical early in the project than 

empirical revision: by the end of Cycle 1, about 30% of our students expressed that models could 

be revised for their explanatory and predictive power, while none of our students revised their 

models based on evidence (Table 12).  

Revisions to Learning Progression 

 We did not observe patterns in students’ modeling performances suggesting revisions to the 

learning progression for this category. 

Level 3 and Level 4 Performances for Revision 

For our students, revising models based on evidence was less accessible than improving them as 

mechanistic and predictive tools. Therefore, in this section, we explore challenges and supports 

for Level 3 practice as well as Level 4 practice in this category. Existing research suggests that 

responding to anomalous data is particularly challenging for both students and professional 

scientists. When faced with data that pushes back on their theories, students typically reinterpret 

or reject evidence in a way that does not require them to modify their existing theories (Chinn & 

Brewer, 1993; Kuhn 2010). This response is amplified when students have not considered 

alternate theories that could explain their evidence. Our students’ behavior was consistent with 

Chinn and Brewers’ findings and with Kuhn’s findings. When students’ data contradicted their 

predicted mechanism, students tended to trust their reasoning over their evidence; they often 
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assumed bias or errors in the evidence they collected rather than revising their models. Given 

that revision based on evidence is characterized as challenging for students in the literature, we 

believe that our students’ difficulty with this performance is likely to be observed in other 

classrooms as well.  

 

Figure 2: Skylar’s original diagrammatic Cycle 2 model (top left – Fig. 2a), physical model data 

(top right – Fig 2b), and revised diagrammatic model (bottom – Fig. 2c).  
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With appropriate scaffolds, students can revise models based on evidence, as 

demonstrated both by Schwarz and colleagues (2009) and by our students. By the end of the 

project, a majority of our students revised their models based on empirical evidence that they had 

collected and analyzed. We present an example from Skylar in Figure 2. We consider Skylar’s 

revised model a demonstration of revision based on empirical evidence (Level 3) and revision for 

explanatory and predictive power (Level 4). 

During Cycle 2, Skylar measured the effect of rhizobia on plant growth. Because rhizobia 

fix nitrogen, Skylar predicted that rhizobia would help plants grow taller. She planned an 

investigation in which she compared a control plant to a plant inoculated with rhizobia. After 

collecting data from her physical model, she realized that her original diagrammatic model did 

not represent the outcome of the symbiotic relationship; she had collected data about the height 

of plants to show the effect of the rhizobia inoculate, but she did not represent height in her 

model. She revised her diagrammatic model to represent this aspect of the phenomenon by 

illustrating full plants rather than roots only and by creating two conditions: plants with and 

without rhizobia. In this sense, Skylar revised her model based on empirical evidence; the height 

data that she collected was incorporated into her diagrammatic model. Her revision also 

improved the explanatory and predictive power of her model because her new model could be 

used to predict the height of plants with and without rhizobia.  

Though Skylar revised her model, she did not revise her predicted mechanism, because 

her data supported her predicted mechanism. Other students, like Rachel, revised their models as 

well as their predicted mechanisms in response to anomalous data. When Rachel realized that her 

data did not match her prediction, she revised her diagrammatic model as a process of 
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developing an alternate theory to explain her results (her process is described in the Salience-

Generality findings above). 

 Our data suggest that this practice, like the others, is dependent on conceptual context. 

During Cycle 1, the majority of students collected data that matched their predictions. Groups 

with anomalous data typically accounted for their findings with error rather than by adjusting 

their conceptual models of phenomena. This practice limited students’ opportunities to revise 

their models in response to empirical evidence. However, in Cycle 2, students’ questions and 

data were more nuanced, which allowed students, like Skylar, to make changes to their models 

without completely rejecting their original theories. Further, in Cycle 2, students’ access to 

online resources provided them with opportunities to generate alternative models. We conjecture 

that nuanced conceptual contexts and access to online resources supported students in engaging 

in the practices of evidence-based revision.  

Discussion 

Thus far we have discussed students’ modeling practices in terms of individual categories of the 

learning progression. However, students’ modeling practices shifted across multiple categories 

simultaneously in response to the designed learning activities and students’ epistemic aims. In 

this section, we return to our overarching initial conjectures in light of the results and 

observations presented in the Findings sections above.   

Initially, we conjectured that creating and interrelating multiple types of models would 

support students in engaging with high-level practices of the learning progression. Our data 

support this conjecture in terms of Salience and Revision. For example, Rachel and Skylar 

demonstrate how coordinating across the three model types supported them in using and revising 

their models to represent general ideas.  
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As described in the Findings sections above, students most often engaged with high-level 

modeling practices as they circulated through cycles of diagrammatic and physical modeling. We 

observed high-level practice less often as students engaged with computational modeling. We 

conjecture that this is a product of our design rather than a lack of opportunity for high-level 

practice in computational modeling in general. Computational modeling was new for our 

students, and it was difficult for them to construct computational models from scratch. Students 

tended to envision and design their initial computational models as animations of their 

diagrammatic models rather than as generative extensions of their diagrammatic and physical 

models. Unfortunately, the time allocated for computational modeling in Cycle 1 was limited (3 

class periods), and we therefore did not have the opportunity to scaffold students in envisioning 

their models more deeply.  

In Cycle 2, we attempted to scaffold computational modeling by providing students with 

base models that included roots and plants. However, because students’ phenomena were even 

more complex and varied in Cycle 2, students were once again more likely to create animations 

than predictions or generative tools in the three class periods allocated for computational 

modeling. We currently conjecture that computational modeling could play a greater role in 

shaping students’ epistemic practices if we (a) incorporated more time focused on agent-based 

modeling in the curriculum and (b) engaged students in environments that better support fluency 

with the computational modeling language or provide additional scaffolds for developing 

computational models. We also conjecture that opportunities to first explore the affordances and 

potential roles of computational agent-based models would prove highly valuable, particularly if 

bootstrapped with opportunities to first physically enact related embodied agent-based models to 

highlight the mechanics and functioning of agent-based models (Dickes & Sengupta, 2013). 
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At the beginning of the project, we also conjectured that different model types would 

afford unique epistemic opportunities. Data analyzed in the Audience category of the learning 

progression support this conjecture. For example, when constructing diagrammatic and 

computational models, students were more likely to perceive models as communicative, and they 

were more likely to perceive models as tools for constructing knowledge when they were 

creating physical models. Still, many students described models as both communicative and 

constructive by the end of the project, which suggests that students developed meta-

representational declarative knowledge about models in general as they shifted between 

epistemic aims and representational contexts.  

In other categories of the learning progression, students engaged with high-level practices 

across the three model types. For example, students engaged in practices of abstraction and 

representing mechanism in their diagrammatic, physical, and computational models. We 

conjecture that constructing three models for each mechanism supported students in carrying 

epistemic aims across the model types.  

In terms of content, we conjectured that complex yet accessible content would provide 

opportunities for students to ask and investigate their own questions about the content, 

encouraging students to position their models as tools for investigation rather than as typical 

assignments. Our data suggest that students valued this aspect of the project. During our 

interviews, we asked students what they liked about the project and what they would change. Of 

the thirty students that we interviewed, twenty-two named interest, creativity, or curiosity as the 

most important feature of the project. In her interview, Meristem explained: 

I really liked our modeling units. It wasn’t like we learned about roots and then we were 

like, “Okay, we are done with roots, let’s move on to waves or energy!” Even though we 

were done studying a particular pattern with roots, we saw another pattern with roots. It’s 

basically building off of one thing. I think that is more beneficial than moving through a 
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lot of little things, which is what we normally do in science. It can also lead into other 

things that you want to learn and you can build off of, like here you have roots, and then 

you are like, “How does the roots affect farming?” and then you are learning about all kinds 

of problems in farming and it all leads up to other things, and I think that is really cool. 

In this description, Meristem explains how complex, accessible content can support Level 4 

practices. Content complexity positions modeling as generative (Level 4, Mechanistic-

Generative), because it can “lead into other things you can build off of.” Her explanation also 

positions models as resources for constructing knowledge rather than as end products. We 

conjecture that allowing student to develop their own questions within a complex domain 

supports engagement in high-level practices. 

It is important to note that the modeling units occurred within a larger test-preparation 

curriculum. It is possible that the contrast between pressure to perform on test-preparation days 

and the relative autonomy during the modeling unit also affected how students engaged with 

modeling. Though we did not collect data about how test-preparation activities affected their 

engagement in modeling activities, we believe that this contrast may have contributed to 

students’ engagement in modeling. 

Caveats and limitations 

Because this is not an experimental or quasi-experimental study, we do not evaluate our design 

in relation to a control or comparison condition. Instead, we adopt the argumentative grammar of 

design-based research (Cobb et al., 2016). First, we demonstrate that the students would not have 

developed the targeted forms of practice without participating in the design study. Research 

suggests that advanced forms of modeling practice are relatively rare in middle school science 

classrooms (Schwarz et al., 2009; Schwarz et al., 2012), and it is unlikely that our students would 

have engaged in high-level modeling practices without participation in our designed curriculum. 
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Second, we demonstrate that our findings could be generalizable. Though our design 

would not be enacted in the same way by teachers and students in other settings, we have 

outlined conjectures about learning activities that can promote high-level modeling practices in 

middle school classrooms. We have also documented how students’ practices emerged within 

these activities in order to illustrate the mechanisms by which our students engaged in Level 3 

and 4 modeling beliefs and practices.  

Still, design studies are susceptible to specific limitations and weaknesses, including the 

frequent failure of design researchers to design for scale (Cobb et al., 2016). Often, design 

studies do not detail the learning environments necessary for teachers to replicate effective 

designs in their own classrooms. We have attempted to address this limitation by explicitly 

addressing supports for modeling, such as shifting among model types and following student-

guided lines of inquiry. Still, our design is limited in terms of scale. Throughout the project, we 

relied on two adults (Max and Ashlyn) to execute lesson activities. This enabled us to provide 

our students with more feedback and support than is typical in a K-12 classroom. While we 

believe the learning activities we identified could be enacted in other instructional settings, 

additional work is needed to consider these supports in classrooms with a more typical teacher-

student ratio.  

Implications and conclusions 

This paper contributes to existing research about middle school students’ modeling performances 

in four ways, which we will explore in the following paragraphs. First, from a perspective of 

naïve epistemologies as fine-grained context-sensitive resources, the ideas that students draw on 

change in response to the classroom environment and students’ interactions with other students 

and their teacher (Berland et al., 2015, Hammer & Elby, 2003, Louca, Elby, Hammer & Kagey, 
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2004). Our findings support this perspective, demonstrating that learning progressions for 

complex practices like modeling do not represent fixed linear pathways through which all 

students learn. Rather, a student may exhibit practices at multiple points along the progression at 

any given time across different conceptual and representational contexts.  

The gap we explored in the Audience section between students’ sense of audience in 

written reflections and their sense of audience during model construction is a prime example. We 

found that representational context shaped students’ opportunities to engage with high level 

practices as students shifted between higher level performances in written reflections and lower 

level performances while engaged in model construction. These distinctions were common 

across categories in the sense that many students demonstrated high levels of modeling 

sophistication in some conceptual and representational contexts, but no students demonstrated 

high levels of sophistication in all conceptual and representational contexts, even within a single 

category of analysis. Some instructional scaffolds by their very nature precluded performance at 

certain levels of the progression. For example, in the Evidence and Revision sections, we 

described how limiting students’ access textbooks and other authorities as they created their 

diagrammatic models decreased students’ opportunities to engage in Level 1 and 2 practices in 

those categories. In this sense, our findings exemplify the context-dependent nature of the 

practices and epistemological resources upon which students draw, both in terms of conceptual 

and representational contexts. 

Second, we have demonstrated that middle school students are able to engage in high-

level modeling performances across categories of the learning progression. The examples 

documented for Level 4 performances provide insight into the nature of students’ thinking, 

perspectives, capabilities and limitations while engaging in high-level modeling practices. 
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Third, we described our conjectures about conceptual and representational contexts that 

supported and bootstrapped high-level performances. For example, we presented illustrative 

examples that demonstrate how shifting among model types and engaging with complex and 

accessible content could support Level 4 performances. Specifically, we showed how Rachel and 

Skylar’s understanding of phenomena shifted as they moved between diagrammatic and physical 

representations and coordinated their observations, ideas and data. These findings align with 

existing research that proposes that circulating among mutually referential models encourages 

students to re-define and re-represent their ideas about the phenomena they are modeling 

(Latour, 1999; Lehrer, Schauble, Carpenter, & Penner, 2000; Lehrer, 2009). 

Fourth, this paper highlights the value of the learning progression as a tool for analyzing 

students’ developing modeling practices from a microgenetic theoretical frame. Though learning 

progressions have traditionally been conceptualized as tools for designing aggregate curricular 

arcs (e.g., Gotwals & Alonzo, 2012), our students’ enactments of modeling practices and beliefs 

did not follow the sequential trajectory of the learning progression. Instead, we found that the 

highest levels of learning progression provided an upper anchor as we designed learning 

activities to support Level 4 beliefs and practices. In addition, the learning progression provided 

a valuable resource for identifying and operationalizing the range of epistemic practices available 

to students. As an analytic tool, the learning progression enabled us to consider the distribution 

of individual student performances across the levels of the learning progression and responsively 

design representational and conceptual contexts that supported the targeted Level 4 practices. 

Therefore, we conceptualize the learning progression as a range of modeling practices available 

to students, a valuable upper anchor for high-level performance, and an analytic framework for 
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examining students’ modeling beliefs and practices rather than a set of sequential levels that 

students move through linearly (Hammer & Sikorsky, 2015). 

Still, there is much to learn about supporting engagement in advanced modeling practices 

in K-12 classrooms. Important factors to investigate include: (a) the affordances of different 

types of modeling at different grade levels or in different demographic settings, (b) supports for 

disciplinary practices that interact with modeling, such as data interpretation and argumentation, 

(c) effective strategies for leveraging the power of computational modeling given the limited 

time and resources of science classrooms, and (d) the extent to which these practices can be 

developed and supported within domains of science beyond ecology. Models afford students the 

opportunity to communicate their ideas, generate questions, and test explanations. In order to 

realize the science-as-a-practice perspective at the heart of NGSS, we need to further explore the 

development of K-12 modeling practices and continue to design and improve supports for these 

practices.   
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CHAPTER III 

 

SEDIMENTATION OF MODELING PRACTICES: DIMENSIONS OF CO-OPERATIVE 

ACTION AT A CLASSROOM SCALE 

 

Scientific modeling involves the creation, use, and revision of models, which are abstract 

relational tools that generatively support exploration and inquiry (Gouvea & Passmore, 2017; 

Lehrer & Schauble, 2015). In light of the recent emphasis in international science education 

reform efforts on K-12 modeling practices and other science practices (Duschl et al., 2007; 

Erduran & Jiménez-Aleixandre, 2007; NRC, 2012; Östman & Wickman, 2014), it is important to 

understand how students’ models and their emerging beliefs about modeling shape students’ 

science practices. In response, researchers have developed learning progressions that sequence 

students’ epistemic beliefs and science practices rather than focusing solely on content or 

conceptual understanding (e.g. NGSS Lead States ,2013; Schwarz et al., 2012). Learning 

progressions provide a valuable tool for considering aggregate curricular arcs and designing 

curricula; however, they often approach learning from an individual cognitive perspective, which 

backgrounds the social processes through which students build and transform conceptual 

understanding, practices, and epistemologies (Pierson et al., 2017).  

In addition, recent research demonstrates that students’ practices do not follow a linear 

trajectory and instead shift in response to the immediate context of their activities and 

interactions (e.g. Ford, 2015; Manz, 2014; Pierson et al, 2017; Rouse, 2007). Less is known, 

however, about how classroom science practices unfold in relation to the history of the materials, 

experiences, and interactions in which these practices are situated. We use a lens of co-operative 
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action to consider the ways in which sedimented practices and artifacts become part of the 

substrate for students’ later actions (Goodwin, 2017). Goodwin (2017, p. 32) defines “substrate” 

as “both the sedimented outcome of earlier action, and the source of subsequent action.” We also 

draw on related work, including Lemke’s (2000) exploration of similar ideas in classroom 

contexts. Lemke observes that emergent processes and patterns in classrooms (including 

routines, social groupings, and word usages) can become raw materials for new and more 

complex patterns within the classroom, functioning as part of what Goodwin would call the 

substrate for subsequent practices. From this perspective, the affordances and constraints of 

earlier learning environments play a role in students’ later modeling beliefs and practices. 

Goodwin (2017) and Lemke (2000, 2001) both posit that these processes occur across a range of 

timescales, from microgenetic interactions to the scale of human history. Even so, most of the 

examples they present involve analyzing moments of enactments of practice rather than tracing 

the development of practices over time. As Lemke explains, we “know a great deal more about 

short-term social processes: conversation, negotiation, ‘service encounters,’ classroom lessons – 

events that last on the order of time you can record on a videotape – than we do about activities 

and processes that last days or month or years” (2000, p. 287).  

In response, we propose that a longitudinal analysis of classroom modeling practices 

from a co-operative action perspective could provide valuable insight about a social dimension 

of classroom science practices, serving as an indicator of the health of the classroom as a 

scientific community by demonstrating the ways that practices are transformed and taken up by 

participants. In this paper, we analyze student-developed scientific models as artifacts that trace 

classroom modeling practices over time. This analytic frame allows us to consider the ways in 

which classroom modeling practices are transformed by participants in interaction with 
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immediate and longitudinal elements of the substrate. In our analysis, we demonstrate that 

introducing certain modeling practices shaped students’ immediate modeling enactments to an 

extent; however, the introduction of these practices did not fully determine students’ practices in 

action. Students transformed and appropriated practices in emergent ways both immediately and 

longitudinally in an ongoing cycle that co-operatively and interactively transformed the 

classrooms’ practices. Tracing what gets sedimented and how substrates are appropriated or 

disrupted in this way can provide insight into the role of social interaction in shaping students’ 

science practices, an important yet understudied aspect of science learning (Keifert & Marin, 

2018). 

 

Figure 3. Ripple effect: dimensions of reuse with transformation in a science classroom context. 

New practice 
introduced

Primary: Immediate 
transformation of 
practice

Secondary: 
Longitudinal 
transformation of 
practice

Tertiary: Reuse and 
transformation of 
scientific practices 
broadly 
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We find that the introduction of new practices creates opportunities for a ripple effect of 

reuse and transformation of practices within the classroom. After a practice is introduced or 

recognized, the practice can ripple outward and be transformed along three dimensions (Figure 

3). In the first dimension, the modeling practice is transformed in response to the immediate 

context. In the second dimension, modeling practices are reused and transformed longitudinally 

throughout the semester in response to new problems and types of data. In the tertiary dimension, 

students further transform modeling practices in interaction with elements of the substrate 

contributed outside the immediate context of the modeling unit, including other science practices 

like experimental design and data analysis. Along each of these dimensions, we find that some of 

the students’ modeling practices sediment into the substrate as broader classroom practices and 

subsequently both support and constrain students’ opportunities for learning and engaging in 

professional science practices. We propose that the extent to which these practices are able to 

sediment into the substrate is an important indicator of the health of the classroom as a scientific 

community, because reuse with transformation is a means through which practices refine and 

spread within a professional scientific community (Goodwin, 2017). To operationalize a healthy 

scientific community in our analysis, we consider student agency and ownership in terms of 

reuse and transformation of practices. Specifically, we consider whether students take ownership 

of practices by productively transforming practices, and we consider who is able to contribute 

new or transformed practices to the substrate of productive classroom practices. We argue that 

indicators of a healthy scientific classroom community include the sedimentation of student 

transformations that are productive as defined by the participants within the classroom 

community.  
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These findings are a contribution because they demonstrate the importance of a 

longitudinal dimension of analysis for understanding students’ modeling practices. Furthermore, 

they illustrate how co-operative action can be used as a barometer of social dynamics within the 

classroom scientific community by tracing the practices that are taken up and transformed by 

students and by tracing how practices spread throughout the community. Within professional 

scientific communities, reuse and transformation are the mechanisms through which scientists 

build new concepts and ideas. Applied to K-12 classrooms, a co-operative action lens allows us 

to consider students’ opportunities for learning through reuse and transformation of practices. 

We propose that tracing the transformation of practices within a classroom community over time 

could be an important tool that allows researchers and educators to gauge the health of a 

classroom as a scientific community and evaluate learning activity designs in terms of the 

opportunities they create for students to share, reuse, and transform practices. 

Theoretical framework: Co-operative action and sedimentation 

Defined as creating explicit representations that reduce complexity and amplify aspects of 

phenomena in service of inquiry, the practice of scientific modeling is both accessible to children 

and central to the practice of science (Duschl, 2008; Lehrer et al., 2000; Lehrer & Schauble, 

2006; Nersessian, 1992). Students use a variety of resources as they engage in sensemaking 

activities like modeling, and their use of these resources shifts over time and in response to 

context (Baek and Schwarz, 2015; Elby & Hammer, 2001; Pierson et al., 2017). Berland and 

Crucet (2016) argue that students’ use of resources varies as much as their acquisition of these 

resources.  

A wealth of research identifies features of context that can shape students’ use of 

resources for science practices. More specifically, relevant contextual features include teacher 
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scaffolding (Berland & Crucet. 2016; Berland & Hammer, 2012; McNeill & Pimentel, 2009; 

Oliveira et al., 2012), interaction with peers or an external audience (Jurow et al., 2008; Pierson 

& Clark, 2018; Scherr & Hammer, 2009), conceptual and representational context (Manz 2012; 

Pierson et al., 2017; Schwarz & White, 2005), and students’ epistemic aims (Gouvea & 

Passmore, 2017). In this paper, we extend these findings to demonstrate that students’ modeling 

practices are not only shaped by features of the immediate context, like those listed above, but 

also by their previous practices and experiences, often in emergent ways, as traced longitudinally 

in the artifacts they produce. We aim to represent the complexity of the interaction between 

students’ immediate contexts and previous modeling practices by drawing on Charles Goodwin’s 

theory of co-operative action and related research, including Jay Lemke’s analysis of how 

processes are integrated across timescales, and literature that explores sedimentation in the 

context of literacy and identity.  

The task of education emerges from and relies on co-operative action. In his book, 

Goodwin (2017) posits that humans rely on a systematic set of co-operative practices for 

constructing action. He observes that at all scales, from turns of talk to the evolution of tools or 

social groups, prior actions are subsequently decomposed and reused with transformation to 

create new actions. From this process, diverse settings and cultures emerge. Within these 

settings, communities populate their worlds and experiences with semiotic actions, tools, 

practices, and conceptual structures to solve problems in their environment. Goodwin refers to 

these semiotic actions, tools, practices, and conceptual structures as a substrate, capitalizing on 

the metaphor that a substrate is both the product of previous action and a resource for future 

action. The substrate links actions over time, providing for what Saxe (2012, p. 300) calls genetic 

continuity in the development of cultural representations and their functions. Goodwin (2017) 
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emphasizes that substrates need not consist of talk or language; rather, action is built through the 

lamination of layers of different kinds of resources (for example: tone, prosody, gestures, 

symbols, tools, and features of the environment). Within a community of practice, it is therefore 

essential to support new members in recognizing a substrate of resources for action and using 

these resources to participate in the actions and goals of the community. This process is ongoing; 

over time, the community accumulatively transforms the substrate as they encounter new 

problems and require new solutions. At the same time, the community’s perception of the world, 

which Goodwin (2017) calls professional vision, is shaped by the tools and structures they have 

created to categorize objects and events. The community’s perception then informs action in 

response to the phenomena they encounter.  

We argue that the co-operative action framework provides a useful lens for analyzing 

science teaching and learning in the context of practice-based standards, like the NGSS (NGSS 

Lead States, 2013). Unlike content-based or skill-based perspectives, a practice-based 

perspective must acknowledge that the ways in which a community (or discipline) constructs 

knowledge, perception, and action are constantly in flux and that practices shift in response to 

new problems and tools that emerge within the discipline (Lehrer & Schauble, 2015; Rouse, 

2007). To support practice-based standards, it is critical to provide students with access to 

professional tools and vision, and it is equally important to provide students with opportunities to 

transform and appropriate existing practices in response to students’ own contexts. From this 

perspective, substrates are not fixed templates that bring about specific actions. Instead, “a 

substrate shapes, but does not determine, its future use by creating a set of constrained, but open-

ended possibilities for subsequent action” (Goodwin, 2017, p. 268).  
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In his book, Goodwin provides a wealth of examples of co-operative action spanning a 

range of temporal and spatial scales, from conversational turns to interaction with predecessors. 

For example, Goodwin presents a brief interaction between two boys to illustrate co-operative 

action at the scale of turns of talk (2017, p. 3): 

Tony:   [Why don’t you]   [get out my yard.] 

Chopper: [Why don’t you] make me [get out the yard.] 

  

In this example, Goodwin demonstrates that even though the boys are not cooperating, their 

interaction is still an instance of co-operative action; that is, Chopper reuses and transforms the 

substrate provided by Tony (despite being positioned in opposition to Tony). In addition to brief 

turns of talk, co-operative action can also be used for analysis of human action over a longer 

timescale. Goodwin describes the evolution of tools, like the ax, as a form of co-operative action 

in which components of the tool are changed while preserving features of an organizing pattern. 

Whereas the example of Tony and Chopper considers two turns of talk, co-operative actions that 

transform a tool, like an ax, span human history. Thus, co-operative action is a powerful 

explanatory mechanism for human action across a range of timescales and contexts. Yet, 

Goodwin’s analytic examples do not consider contexts like classrooms. His examples typically 

foreground interaction between two to three participants, and he generally analyzes moments of 

enactments of practice rather than tracing the development of practices over time. Even so, we 

argue co-operative action could provide a meaningful lens for analysis of longitudinal classroom 

data because reuse with transformation is central to learning, both for communities and the 

individuals embedded within them.   

 Although he uses different terminology, Lemke (2000) similarly emphasizes the 

importance of considering how processes are integrated across timescales. In this paper, we 

adopt Goodwin’s terminology because he provides an explicit and mechanistic model of the 
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processes of reuse and transformation, illustrating how practices are both reproduced and revised 

in response to new problems or contexts. Lemke’s work considers ideas similar to Goodwin’s in 

the context of schooling as a cultural community, and we therefore also leverage Lemke’s ideas 

and thinking. Lemke observes countless instances of students linking past experiences to present 

experiences with semiotic resources and artifacts. He explains: 

When a teacher asks a question, several students begin looking through their notebooks. 

The notes they look at now were written days or weeks ago. The answers they give are 

influenced in part by what they read and how they interpret it in relation to the question 

just asked. The notebook, as a material object with semiotic affordances, as a thing that can 

also be a sign, materially links two events across time and space and so participates in a 

process on a much longer timescale than either the event of writing or the event of reading 

that particular note. (Lemke, 2000, p. 281). 

 

With this example, Lemke demonstrates that students’ artifacts are critical elements of the 

substrate upon which students can build. In addition to students’ own experiences, Lemke (2000) 

also describes how students interact with predecessors, for example, he describes how a teacher 

reading aloud from a textbook uses the book to link shorter-term events in the classroom episode 

to the longer-term history of disciplinary discourse. Thus, like, Goodwin, Lemke also 

emphasizes the importance of culture and predecessors in shaping human action.  

Lemke applies this lens to science classroom data in two ways. First, he considers the 

role of language and multiple literacies in science education. He analyzes a brief episode in 

which a group of boys attempt to construct a tower with scissors, soda straws, and glue (1995). 

He finds that language is not sufficient to analyze action in this context. He argues that it is 

important to analyze whole actions, including verbal and non-verbal components, because 

material, linguistic, and social-interactional resources all shape problem solving in this context. 

In this way, Lemke’s perspective resonates with Goodwin’s argument that action is built through 

the lamination of layers of different kinds of resources. Lemke (1998) extends this work by 
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illustrating the range of modalities required in science education on a daily basis by analyzing 

data from a single student during a single day. He found that science classes involve multiple 

semiotic fields, including specialized verbal, visual, and mathematical resources, in making 

meaning and expressing ideas. From these data, Lemke argues that science practices are 

necessarily multimodal. Lemke (2000; 2001) also explores the accumulative relationship 

between science education and students’ identities. Though the examples he presents are brief, 

within this work, he emphasizes the need for research that considers longer timescales, 

explaining that additional research is needed to understand the development of classroom 

practices on the time scale of months and years (2000).  

Related to the perspectives of Goodwin and Lemke, researchers in the context of literacy 

practices and identity have responded to the need to explore longer-term processes through 

theoretical lenses that explore how children sediment their identities into texts and practices over 

time (e.g. Rowsell & Pahl, 2007). This work illustrates how material and cultural resources 

accrue in students’ homes and classrooms. Rowsell and Pahl (2007) describe how the semiotic 

and material resources in children’s homes sediment into their identities and their practices in 

other contexts, like school. For example, they described a child, Fatih, who had an interest in 

birds. Fatih’s mother called him kus, which means little bird in Turkish. Birds were important to 

Fatih’s family; when he was younger, his grandparents owned chickens, and he would chase the 

chickens when he visited his grandparents. At home, Fatih drew birds and constructed birds out 

different materials, including cardboard and tissue paper. At school, Fatih’s practice of making 

birds was leveraged and transformed. For example, after listening to the Ugly Duckling story, he 

described the birds that he created as swans that could not fly. Years later, Fatih continued to 

draw and make birds in hybrid representations that incorporated his more recent interests. For 
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example, he illustrated a narrative from a Super Mario game that he liked to play, and he 

represented himself as a bird in the illustration (Pahl, 2003).  

Fatih’s story is one of many narratives that suggest that students’ interests and 

experiences span spatial and temporal contexts and influence students’ subsequent actions. These 

findings imply that it is important to consider immediate as well as previous contexts when 

analyzing actions, including students’ personal histories and experiences and the materials that 

students encounter, use, and create (Pahl, 2003). In our classroom data, we similarly observe 

instances of students using and transforming available resources provided by co-present and 

historical participants, including professional science practices, resources from the teacher, 

student-collected data, and the models that students created in previous class sessions. Therefore, 

we propose that sedimentation could provide a useful lens for longitudinally tracing students’ 

science practices.  

We build on the work of Goodwin and Lemke and the work of Rowsell and Pahl by 

exploring the longitudinal reuse and transformation of science practices within a classroom. We 

leverage Goodwin and Lemke’s frameworks for constructing action to explore how multimodal 

elements of the substrate are used in subsequent actions. We draw on Rowsell and Pahl’s 

examples of sedimentation of identities to consider how students’ individual practices sediment 

into shared classroom practices and are traced through students’ artifacts over the course of a 

semester. From this perspective, it is important to consider how immediate and historical 

elements of substrates become sedimented resources, what gets sedimented, and how substrates 

are appropriated or disrupted (Keifert & Marin, 2018). These questions have been explored in 

other contexts, including professional learning (e.g. Hall & Horn, 2012; Hall & Jurow, 2015; 

Hall et al., 2010) and the evolution of cultural mathematical representations (Saxe, 2012). 
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Furthermore, researchers have established the importance of attending to students’ resources and 

experiences. For example, by following a fifth-grade science teacher for two years, Maskiewicz 

and Winters (2012) find that focusing on the teacher overlooks the role of students in shaping 

classroom inquiry. It is therefore critical to explore how classroom practices develop over time 

(Berland & McNeill, 2010). Even so, little is known about how science practices are 

transformed, generalized, and sedimented within classrooms. We propose that these questions 

are especially relevant when considering the longitudinal development of socially constructed 

practices like modeling. Because researchers and educators aim to integrate modeling across K-

12 science curricula (e.g. NGSS Lead States, 2013), it is essential to understand how the social 

dynamics of reuse and transformation shape students’ opportunities for developing and engaging 

in modeling practices. 

Research questions 

In light of the recent emphasis on K-12 science practices, like modeling, it is important to 

understand how students’ models and their emerging beliefs about modeling shape shared 

classroom practices, and in turn, their individual modeling practices. When considered through a 

lens of co-operative action and sedimentation, it becomes especially important to consider the 

ways in which prior practices and artifacts become part of the substrate for later enactments of 

practices. To apply this analytic lens to students’ modeling practices, we ask: 

1. In this context, what is the nature of the longitudinal and accumulative relationship between 

shared classroom modeling practices, students’ modeling practices, and students’ models? 

2. What are the affordances of using a lens of co-operative action to analyze the development of 

classroom modeling practices? 
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Method 

In the current study, we analyze data that were initially collected during a design study (Cobb et 

al., 2003; Sandoval, 2014) that involved consecutive cycles of modeling instruction (see Pierson 

et al., 2017).  In the current manuscript, we retrospectively draw on the data collected during this 

project to consider the longitudinal sedimentation of students’ modeling practices into shared 

classroom practices that were iteratively transformed as they were reused in new contexts.  

Participants 

This study was conducted in partnership with an 8th grade science teacher in a public charter 

school located in a large metropolitan school district in the southeastern United States. During 

the project, Mr. S, a fourth-year teacher, was the lead science teacher at his school. The project 

began at the beginning of the second semester in January and continued through the remainder of 

the school year. All three of Mr. S’s 8th grade science classes, which comprised all of the 8th 

graders at the school, participated in this project (91 students total). During the previous school 

year, Mr. S. taught 7th grade science at the same school, so this project took place during his 

second-year teaching most of the students in his classes. The first author had also taught at the 

school, although she taught students in a different grade level. As a result, Mr. S. and the first 

author may have had longer relationships with students and their families than typical teacher-

researcher partners.  

All students returned both consent and assent forms to participate in the project. At this 

school, 85% of the students qualify for free and reduced lunch. The school is culturally and 

linguistically diverse; 53% of students identify as Black or African American, 31% as Hispanic 

or Latino, 15% as White, and 1% as Asian. Students with disabilities make up 11% of the school, 

and 8% of students are English Learners. At this school, students were not tracked in science by 
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ability or achievement, meaning that none of the classes was considered more advanced than the 

others. Mr. S and Ashlyn (first author) co-designed and co-taught all of the lessons for the 

project. Lessons typically took place twice a week (on Tuesdays and Wednesdays) during 

students’ 55-minute science class periods over the course of approximately five months, for a 

total of 33 days. During the remaining two science class periods each week (on Mondays and 

Thursdays), students prepared for the state science assessment, typically with lectures and 

practice packets of multiple choice and short-response questions.  

Design and learning activities 

When developing the curriculum, our explicit goal as educators was to support students in 

engaging in sophisticated modeling practices as outlined in the Schwarz and colleagues (Schwarz 

et al., 2012) learning progression for modeling beliefs and practices. In the design, we focused 

on conceptual and representational contexts (see Pierson et al., 2017). In terms of conceptual 

context, we aimed to provide students with complex and tangible content by grounding students’ 

work in ecological relationships in the school’s garden. In terms of representational context, the 

high-level conjecture guiding our work was that sophisticated practices could be supported 

through engagement with several representational tools by encouraging students to construct and 

coordinate across different types of models, including diagrammatic models and physical models 

(see Table 13 for a sequence and summary of learning activities).  
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Table 13 

Sequence and Summary of Learning Activities 

 
Cycle Days Activity Type Description 

Cycle 1: Why 

is the soil in 

the garden 

more moist in 

some places 

than in others?  

1 Reflection Students define and develop criteria for good 

models. 

2-4 Diagrammatic Model Students observe and draw diagrammatic models 

about soil moisture in the garden. 

5-7 Physical Model Students plan and build physical models to test the 

mechanisms predicted in their diagrammatic 

models. 

8-11 Computational Model Students plan and build computational models in 

StarLogo Nova and make predictions about a new 

setting: a soil ecosystem with various toxins.  

12 Physical Model Students identify trends in the data collected from 

their physical models and draw conclusions. They 

identify the relationship between roots and their 

surrounding environment as a gap in their 

understanding.   

13 Reflection Students reflect on modeling practices and 

advantages and limitations of models that they 

have used. They re-define “model.” 

Cycle 2: How 

do roots 

interact with 

the 

surrounding 

environment? 

14-16 Diagrammatic Model Students ask questions about roots and the 

surrounding environment informed by the Cycle 1 

models and internet research. They draw 

diagrammatic models to represent mechanisms 

related to their new questions.   

17-19 Computational Model Students plan and build computational models in 

StarLogo Nova.  

20-21 Physical Model Students plan and build physical models to test 

their predicted mechanisms. 

22-25 Diagrammatic and 

Mathematical Models 

Students use mathematical expressions and graphs 

to represent large-scale applications of their Cycle 

2 mechanisms. They explain these mechanisms 

using diagrammatic models.   

26-28 Diagrammatic and 

Physical Models 

Students identify trends in the data collected from 

their physical models and draw conclusions and 

refine their initial diagrammatic models.  

Cycle 3: How 

can plants 

help our 

community? 

29-34 Diagrammatic Models 

and Reflection 

Students suggest focusing on ecosystem services 

of plants. They develop research questions and 

draw diagrammatic models to represent predicted 

mechanisms. They present their models to 

stakeholders, then implement their mechanisms. 

Each day, they reflect on modeling practices. 
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Building on research that suggests that students should be positioned as epistemic agents 

(Berland et al., 2016; Gouvea & Passmore, 2017), we prioritized creating opportunities for 

students to establish their own research questions and methods. We found that these 

opportunities were valued by students as an important feature of the project (see Pierson et al., 

2017). In interviews at the end of the project, we asked students what they liked about the project 

and what they would change. Of the thirty students that we interviewed, twenty-two described 

opportunities to develop interests and explore curiosities as the most important feature of the 

project. In her interview, one student explained: 

I really liked our modeling units. It wasn’t like we learned about roots and then we were 

like, “Okay, we are done with roots, let’s move on to waves or energy!” Even though we 

were done studying a particular pattern with roots, we saw another pattern with roots. It’s 

basically building off of one thing. I think that is more beneficial than moving through a 

lot of little things, which is what we normally do in science. It can also lead into other 

things that you want to learn and you can build off of, like here you have roots, and then 

you are like, “How does the roots affect farming?” and then you are learning about all kinds 

of problems in farming and it all leads up to other things, and I think that is really cool. 

 

It is important to note that the modeling units occurred within a larger test-preparation 

curriculum. It is possible that the contrast between pressure to perform on test-preparation days 

and the relative autonomy during the modeling unit also affected how students engaged with 

modeling. Though we did not collect data about how test-preparation activities affected students’ 

engagement in modeling activities, we believe that this contrast may have contributed to their 

engagement in modeling. 

At the beginning of the semester, students were prompted to observe the school garden, 

identify patterns throughout the garden, and represent the patterns that they observed in drawings 

(Figure 4a). We encouraged them to include anything they found puzzling, interesting, or 

surprising. Based on students’ written reflections after this activity, most students (58%) believed 

that the purpose of creating these models was to share their observations of the garden with other 
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students in their class. Then, students developed questions from their drawings and chose a 

question to investigate as a class. The students chose to focus on the question, “Why are some 

parts of the soil more moist than others.” They found this question interesting because they did 

not expect to find different levels of soil moisture within the same raised garden bed, and they 

were able to generate several ideas to explain their observations. Each group of three to four 

students chose a variable to study that they predicted had an effect on soil moisture (for example, 

depth of soil, presence or absence of roots, or shade). Students created diagrammatic models in 

which they made claims and predictions about the relationship between their variables and soil 

moisture (Figure 4b).  

The students then explored their claims by building physical models designed to test their 

predictions (Fig. 2d). To ensure that all students’ models would fit inside the classroom with 

access to sunlight, we provided each group with one or two large plastic cups to contain their 

models (depending on each group’s need). We provided students with soil, seeds, and water, and 

we made the other supplies in the science classroom available by request (e.g. felt, straws, pipe 

cleaners). Students also created a measurement and maintenance plan that described any inputs 

to their models, like water and sunlight, as well as the data they planned to collect and when they 

planned to collect it. After two weeks, the students analyzed data collected from their physical 

models. While many groups felt their data conclusively supported their prediction, groups 

studying the effects of roots on soil moisture produced inconclusive and contradictory findings.  
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Figure 4. Representations of the relationship between soil depth and soil moisture: drawing 

(Figure 4a), diagrammatic model (Figure 4b), physical model plan (Figure 4c), and physical 

model (Figure 4d). 

 

In response to these findings, in the fourth week of the semester, students generated new 

research questions that explored the relationship between roots and the surrounding environment, 

including topics such as symbiotic relationships with bacteria and fungi, transpiration, hydrogen 

d

ca

b
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pumps, and root growth through mitosis and elongation. Many of these phenomena were more 

complex and less visibly observable than the soil moisture topics, so students incorporated online 

research into the processes of drawing initial models and making predictions. Based on students’ 

written reflections after this activity, most students (95%) believed that the purpose of creating 

these diagrammatic models was to represent a mechanistic relationship or a prediction. They 

evaluated their predictions by constructing physical models. After three weeks, students 

collected and analyzed data, often turning to online research to interpret their data. 

 In our initial analysis, we found that the representational and conceptual contexts of the 

classroom learning environment shaped students’ opportunities for engaging in modeling 

practices. However, as is evident in the narrative account of students’ activities above, we found 

that attending to the immediate representational and conceptual contexts alone left out important 

elements of the context; specifically, this lens did not allow us to consider how practices and 

artifacts sediment and layer longitudinally and dialectically to inform later enactments of 

modeling practices, and how these practices travel through the classroom.  

Data collection and analysis 

Throughout the project, we collected data from a variety of sources to analyze instruction, 

students’ participation in modeling activities, students’ models, and emergent classroom 

modeling practices. Each class period, we collected: (a) video recordings of the classroom, (b) 

audio recordings of Ashlyn’s conversations with students during group and individual work, (c) 

student artifacts such as models and written reflections, and (d) field notes from each class 

period. Field notes described activity structures, how activities differed between the three class 

periods, instructional decisions made during class, and notes about students’ demeanor and 

participation. Our analysis centered on the artifacts that students produced in terms of their 
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models and their reflections about their models. We coded the models for evidence of students’ 

enacted modeling practices and triangulated these traces of practice with classroom video and 

students’ modeling practices as described in Ashlyn’s field notes. We aggregated the codes 

across the classroom to look for trends in students’ practices to identify trends taken up as shared 

classroom practices.  

Initially, our coding categories were organized around the way data were classified into 

the categories of Schwarz and colleagues’ (2012) learning progression for modeling (see Pierson 

et al., 2017). Throughout this process, other grounded codes emerged and were refined through 

constant-comparative analysis (Strauss and Corbin 1990). Within the second round of coding, we 

began to notice that the conceptual context of students’ research questions substantially 

influenced students’ emergent modeling practices in relation to professional modeling practice. 

Therefore, in our next round of coding, our categories were organized around conceptual 

contexts and Lehrer and Schauble’s (2015) “seeds” of modeling practice. Lehrer and Schauble 

argue that K-12 learning environments should not attempt to fully replicate professional science 

practice. Instead, they should facilitate “seeds” of modeling, “capitalizing on the analogy that a 

seed does not resemble, but eventually becomes, a mature plant. Similarly, over the course of 

ontogenetic development, a practice may only gradually come to resemble the final form that we 

recognize in the professional practice of science” (2015, p. 678). Lehrer and Schauble identify 

three developmental seeds of modeling: analogy, representation, and material capture. These 

seeds of modeling are both prevalent in professional science practice and accessible to children. 

We found examples of all three seeds of modeling in students’ practices. For instance, students 

demonstrated analogical reasoning as they compared their diagrammatic and physical models to 
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the garden, created representations in their diagrammatic models, and grappled with material 

capture in the design of their physical models. 

In coding for these “seeds” of modeling practice, our aim was to explore how context 

shaped students’ enactments of practice. In this process, we found that conceptual context alone 

was not sufficient to explain students’ modeling practices. These findings align with a wealth of 

prior research (e.g. Baek & Schwarz, 2015; Berland & Crucet, 2016; Elby & Hammer, 2001; 

Gogolin & Krüger, 2018; Pierson et al., 2017). Thus, we expanded our codes to consider other 

features of context, including teacher scaffolding, affordances and constraints of the learning 

environment, and peer interaction. While incorporating these perspectives helped us trace student 

practices over time, they did not attend to the influence of students’ prior models and modeling 

experience on their later practices. In response, we began analyzing the data with a lens of co-

operative action to consider students’ models and experiences as resources that were reused and 

transformed in subsequent modeling enactments. From this lens, our coding categories shifted 

from a focus on tracing features of context to tracing practices themselves. Rather than 

attempting to catalogue the innumerable contextual features that shaped each practice, we instead 

followed how practices were transformed within the classroom over time. We identified 

practices with the revised Schwarz and colleagues learning progression (Pierson et al., 2017). 

Whereas in our previous work, we traced how students moved through levels of the learning 

progression through time and across contexts, in this analysis, we traced how classroom practices 

were transformed by the students, bounding our analysis within each enactment of practice. To 

identify elements of the substrate immediately relevant to each practice, we considered the 

participants, artifacts, and practices present or explicitly discussed within each episode.  
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From this analytic approach, dimensions of co-operative action emerged, as we noticed 

that practices were transformed immediately, longitudinally, and through interaction with other 

classroom science practices. Shifting from a focus on tracing individual students’ modeling 

performances over time to tracing classroom modeling practices allowed us to consider which 

practices get sedimented and how they are sedimented. From this lens, we are able to trace not 

only the conceptual and epistemic development of the classroom over time, but also to gauge the 

health of the classroom as a scientific community by tracing whether and how productive 

practices travel among the students. 

Findings and discussion 

In this section, we illustrate the affordances of using co-operative action and sedimentation to 

analyze students’ modeling practices over the course of a semester.  From this perspective, it is 

especially important to consider the ways in which prior practices and artifacts sediment into the 

substrate and become resources for later enactments of practices. In our data, we observed that 

new practices were rarely reused with fidelity to their original enactment or their introduction by 

the teacher or by other students; instead, their reuse was shaped by emergent transformations in 

response to new contexts, described by Goodwin (2017, p. 376) as situated improvisations. We 

found that new practices rippled through the classroom along three dimensions (Figure 3): (1) 

immediate transformation, (2) longitudinal reuse and transformation, and (3) transformation 

through interaction with other classroom science practices. Through each dimension, elements of 

the substrate both supported and constrained modeling practices. In this way, the students’ 

experiences with modeling shaped their professional vision (Goodwin, 2017) – their socially 

organized ways of seeing and understanding the scientific phenomena they were investigating. 

Furthermore, this repeated transformation of practices is an indicator of student agency and 
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ownership of practices. Students’ willingness to adapt practices in service of their own 

investigations suggests that students were participating in an emergent scientific community as 

opposed to engaging in rote performance of modeling practices. Beyond individual 

transformations of practices, the sedimentation of individual students’ transformations into the 

substrate of shared classroom practices suggests a healthy classroom scientific community 

because it indicates that teachers and peers value the scientific contributions of students. 

Dimension one: Immediate transformation of modeling practices 

In this section, we demonstrate how components of the substrate, including material resources 

and practices explicitly introduced by the teacher or by students, shaped students’ modeling 

practices. We highlight the ways in which students immediately transformed representational 

practices introduced by other participants in response to problems they encountered in this 

context. We propose that the students’ emergent practices were productive situated 

improvisations that co-operatively built on the substrate of previously-introduced practices. In 

addition, we propose that these situated improvisations indicate that the classroom is functioning 

as an emerging scientific community, because they suggest student ownership of practices rather 

than rote performances of modeling practices, particularly when these situated improvisations 

sediment into the substrate of shared classroom modeling practices. 

Students began their modeling projects by observing and drawing the school garden. Mr. 

S was concerned that students would draw what they imagined a garden to look like rather than 

grounding their drawings in their observations. Therefore, before students went outside to draw 

the garden, Mr. S showed the students two “non-example” drawings and encouraged students to 

suggest improvements. With the first non-example, Mr. S emphasized that students should focus 

on details in the garden, encouraging students to distinguish between types of plants and the 
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distribution of plants in different parts of the raised bed. In the second non-example, Mr. S drew 

details that he imagined could be part of the garden, but that he had not actually observed, like a 

rain cloud, a flower, and a bunny. He again emphasized that students should use their drawings 

to record what they observed, not what they imagined a garden to look like. With the non-

examples, Mr. S introduced and encouraged representational practices that involved attending to 

specific literal details of the garden. 

After Mr. S presented non-examples, the students went outdoors to draw the garden. We 

provided the students with clipboards and handouts with a rectangular prism printed in the center 

of the page to emphasize the three-dimensional nature of the soil in the garden bed. We also 

provided gardening tools, like trowels and small rakes, so the students could pull aside dead 

grass or dig into the soil. The gardening tools and the templates contributed material resources to 

the substrate, shaping students’ representational practices. The combination of the 3D 

rectangular prisms on each students’ handout and the available gardening tools encouraged 

students to consider the soil inside the garden beds in addition to the soil and plants on the 

surface of the garden beds. Thus, these resources encouraged students to add dimensionality to 

their representations and to attend to patterns and phenomena above and below the soil.  

These resources were transformed as students attempted to take up the practices Mr. S 

introduced because, in the context of the garden, students encountered unanticipated problems. 

We divided the students into five groups and assigned each group to one of the five raised beds 

in the garden. Students noticed that there were hundreds of plants in each garden bed and that the 

plants were not all the same type. They distinguished between types of plants with height, leaf 

shape, and texture. They were overwhelmed by the number and variety of plants in the beds, so 

we told them they did not need to draw everything in the garden. We encouraged them to look 
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for patterns or things that were surprising or interesting. With these instructions, we gave 

students license to modify the teacher-introduced representational practices, although we did not 

demonstrate strategies for choosing what to represent or how to represent patterns or interesting 

features of the garden. In response to this opportunity, students transformed the teacher-

introduced practice of creating detailed and literal representations. We believe transformed is 

appropriate here, because although students’ representational practices were distinct from those 

demonstrated by Mr. S, their practices built upon the practices he demonstrated. Thus, students’ 

emergent actions can be characterized as situated improvisations on Mr. S’s practices – joint 

accomplishments of the classroom as a whole that indicate student ownership and agency in 

terms of modeling practices. 

As students were drawing, several variations of representational practices emerged from 

the students’ actions. Given the number of plants in the garden, students could not have created 

complete and detailed representations of their garden beds within the allotted time frame. 

Furthermore, the scale of the handouts was too small to represent each plant or each soil feature. 

In response, the students transformed Mr. S’s representational practices by highlighting specific 

literal details for some (but not all) aspects of the garden, often emphasizing the relationships 

between the features that they selected. For example, students introduced a practice of dividing 

their garden models into sections to represent different levels of plants or layers of soil (26% of 

students, Figure 4a). This practice allowed students to create conditions for comparison in the 

garden, a practice that carried over into the models they developed later in the semester. Students 

also introduced using zoom-in bubbles to highlight details of small objects, like roots or soil 

texture (36% of students). This practice evolved from one student circling objects to highlight 

them in her model to another student using circles as a figurative magnifying glass – a practice 
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adopted by students in several different groups. These zoom-in bubbles allowed students to draw 

attention to specific features of the garden (Figure 4a). Other students introduced the use of 

symbols in their drawings (9% of students). This practice was initially introduced by a student, 

Ty’Shwan, who used symbols to represent plants. He explained, “I used a key to show the 

number of different plants and also the part of the soil they lived in.” Though a small number of 

students used symbols on their first day drawing the garden, this practice sedimented into the 

classroom’s modeling substrate as it was reused and transformed by other students throughout 

the semester. We propose that this is an indicator of the emergence of a healthy classroom 

scientific community, because students refined their own modeling practices in response to 

interaction and collaboration with peers.  

This dimension of reuse and transformation occurs in the context of professional science 

as well. Goodwin (2017) presents an example from a geochemist’s lab that illustrates similar 

immediate transformation of resources in the available substrate. A geochemist and his students 

were making a fiber to use as a scientific instrument. Creating the fiber involved monitoring a 

chemical reaction. When a reaction was complete, they needed to quickly transfer their fiber to a 

wash solution. When the fiber became jet-black the geochemists would know that the reaction 

was finished and that they needed transfer the fiber. However, jet-black is an ambiguous term, 

and it was difficult for the geochemists to decide when the reaction was done. In response this 

problem, the geochemists transformed their perception of the targeted color by using the term 

gorilla fur to describe a finished fiber rather than the term jet-black. The term gorilla fur 

includes both visual and textural elements, which helped the geochemists more accurately 

identify the end of the reaction. They contrasted gorilla fur with orangutan hair, a term they 

used to describe the relatively light color and smooth texture of an unfinished fiber. Thus the 
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transformation of jet-black to gorilla fur, defining the practice of reaction-monitoring as 

attending to both color and texture rather than attending to color alone, was consequential for the 

lab’s perception, the students’ learning, and for the success of their task.  

Our data show that our students engaged in similar productive situated improvisations as 

they adapted Mr. S’s practice of creating specific literal representations. They built upon his 

representational strategy of creating a specific literal drawing by adding tools for abstraction in 

order to manage the many components and processes in the garden. While these transformations 

were not anticipated by the teacher or researcher, it is important to note that they led students 

toward productive actions, like identifying patterns in the representations they created. It is 

possible that students would have engaged in these productive practices regardless of whether 

Mr. S had contributed his representational practice to the substrate. However, we propose that 

students’ productive emergent practices were directly linked to their attempts to create literal 

representations, as encouraged by Mr. S. The goal of creating specific literal representations 

encouraged students to look carefully at the detail and variation within the garden, whereas a 

broad lens may have resulted in students overlooking generative yet subtle differences, like 

variation in soil moisture within a garden bed. Thus, our data suggest that students’ productive 

situated improvisations were a joint accomplishment of the teacher’s instruction and the 

students’ transformations of practices. This example illustrates the importance of analyzing co-

operative action within the situated activity system (Goodwin 2017, p. 368) of the participants’ 

practices, the students’ goals and transformations of practices, and the material environment. 

Dimension one summary 

In this section we have highlighted ways in which students immediately transformed 

representational practices introduced by the teacher (literal and specific models) and 
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representational practices introduced by students (use of circles, zoom-in bubbles, or symbols). 

We propose that the students’ emergent practices were productive situated improvisations that 

co-operatively and agentively built on the substrate of previously-introduced practices. These 

practices were transformations rather than replications of the participants’ initial practices, 

indicating student ownership of these practices and demonstrating how student contributions can 

be incorporated into the substrate of classroom modeling practices. The students’ practices 

emerged in response to the challenges that they encountered as they attempted to represent the 

garden, including the overwhelming number of plants they found in the garden. The students’ 

emergent enactments of modeling sedimented into classroom practices; other students continued 

appropriating these representational practices throughout the semester as they created different 

types of models and asked and explored new questions.  

Dimension two: Longitudinal reuse and transformation of modeling practices 

In the previous section, we described how students immediately transformed practices introduced 

in response to challenges they encountered. In this section, we will show how the students’ 

emergent practices sedimented into the classroom’s practices over time and continued to 

transform through reuse, positioning students as agentive participants in developing shared 

practices within the classroom scientific community. In our analysis, we found that students 

continued to appropriate these representational practices throughout the semester as they created 

different types of models and asked and explored new questions, indicating the development of a 

classroom scientific community. 

After students’ initial experience drawing the garden, they identified questions related to 

soil moisture in the garden. They created diagrammatic models that represented their predictions 

about their questions (see Figure 4b). We found that two components of this diagrammatic 
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modeling experience sedimented into the substrate and shaped students’ subsequent practices 

longitudinally: (1) students’ artifacts, specifically, students’ diagrammatic models, and (2) 

students’ practices, specifically, students’ practices of abstraction in representation. From these 

data, we see a ripple effect through which students’ prior modeling activities shaped and 

constrained their later modeling performances. 

Artifacts  

In this section, we illustrate how previously constructed artifacts, students’ diagrammatic models 

in this case, longitudinally shaped modeling activities. More specifically, we trace the influence 

of students’ diagrammatic models as they interact with students’ epistemic aims to shape the 

physical models they later designed and constructed. To help students plan their models, we gave 

students a handout with a cylinder printed in the middle to represent the cup they would use to 

contain their model (see Fig. 2c). We encouraged students to use their diagrammatic models to 

help them plan their physical models, explicitly positioning the diagrammatic models as a part of 

the substrate for creating physical models. We found that some students attempted literal 

correspondence between their diagrammatic and physical models, using their diagrammatic 

model as a blueprint for their physical model. For example, groups often planned clear divisions 

between discrete conditions, as illustrated in Figure 4b. Thus, the structure of the diagrammatic 

models sedimented into students’ physical models. In one sense, this sedimentation supported 

students’ physical model designs, because the diagrammatic models explicitly stated the 

mechanisms that students were attempting to test. In other ways, these representations 

constrained students’ modeling practices. Attempting to replicate the diagrammatic models 

narrowed the designs that students considered, and at times led students to produce confounded 

data with their models. In addition, students’ epistemic aims interacted with the diagrammatic 
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models to produce different modeling practices. For example, below, we describe how 

Caroline’s aim to replicate her diagrammatic model could have led to confounded data for her 

physical model, whereas Rosa’s aim to replicate the mechanism depicted in the same 

diagrammatic model supported the construction of a productive physical model for testing the 

relationship between soil depth and soil moisture. 

Attempts to replicate diagrammatic models in three-dimensional form often caused 

controversy within student groups as students built their physical models. In these moments, the 

students’ shared understanding of what their model should represent was questioned. We present 

an example from Rosa and Caroline as they were building the model shown in Figure 4d. Below, 

Rosa and Caroline debate the design of their physical model:  

 Rosa:   Is it right to put cardboard there?  

 Caroline:   Yeah! 

 Rosa:    But how would you know if the sun would affect it if the  

cardboard is covering  the layers?  

 Caroline:  Cause it’s clear!  

 Teacher (Ashlyn): If you pour water on the top, it won’t be able to get down to other  

layers.  

 Caroline:   We were going to pour the water in the straws.  

 Teacher (Ashlyn): I thought those were to measure?  

 Rosa:    Yeah. 

 Caroline:   The straws won’t stay in then.  

Rosa:    They will because of the soil. 

Rosa and Caroline’s model aimed to measure soil moisture at different depths. They created 

holes in the side of their plastic cup and inserted straws through the holes into the soil. Caroline 

argued for using cardboard discs to represent layers in the soil, and she planned to pour water 

into the straws to create different levels of moisture. This transformation of the diagrammatic 

model would have limited her ability to evaluate the mechanism represented in her diagrammatic 

model, because pouring water into each layer separately would have confounded her data. For 
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Caroline, the diagrammatic model acted as an illustration, and she prioritized visual 

correspondence between the diagrammatic and physical models. Throughout the unit, Caroline’s 

epistemic orientation toward modeling privileged visual correspondence between different 

models and the phenomena they represented. For example, when investigating roots later in the 

semester, Caroline designed a model to show that prop roots stabilize plants in water. She 

brought in blue food coloring to dye the water in her model blue. At the end of the semester, in 

response to the prompt “In general, what is a model?” Caroline wrote,  

A model is a very detailed project that scientists create to show you either physically, 

illustrated, or through technology. Models usually consist of a recreation of another biome, 

species, or environmentally (it’s a recreation because it’s showing a copy of the 

environment in a smaller easier to get to way). People inspecting models use them to easily 

see what something not so easy to see looks like up close or what’s hidden underneath 

something. 

 

In interaction with the group’s diagrammatic model, Caroline’s epistemic stance that models are 

re-creations or copies contributed to her aim to replicate the soil layers in the physical model 

using cardboard discs. This aim obscured the relationship between depth and moisture that the 

model was intended to explain. Thus, in this moment, the diagrammatic model constrained, 

rather than supported, Caroline’s engagement in productive modeling practices. 

 In contrast, Rosa planned to simulate the garden by pouring water over the top of the cup 

and allowing it to flow through continuous layers of soil that were demarcated, but not physically 

separated, by the straws. She planned to use the straws as a way to insert the soil moisture probe 

into different depths of soil. For Rosa, the diagrammatic model supported reasoning about the 

physical model by foregrounding the relationship between depth and soil moisture. Throughout 

the semester, Rosa demonstrated a similar epistemic orientation toward prioritizing mechanism 

over visual correspondence. For example, Rosa’s root model explored mechanisms of root 

growth. When asked why she made changes to her diagrammatic model, she responded “before, 
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cells in the root cap took up more space in the diagram, but those cells weren’t as important as 

the cells of elongation.” Rather than representing the entire root, she revised her model to more 

narrowly focus on the cells of elongation, “which best showed the mechanism.” Rosa’s epistemic 

stance that models are used to explore mechanisms led her to interact with the group’s 

diagrammatic model in a different way from Caroline – as a representation of a mechanistic 

relationship.  Thus, although the diagrammatic model was a resource constructed by and equally 

available to both Caroline and Rosa, they used and transformed this resource in different ways. 

Caroline attempted to build on the diagrammatic model by creating a physical replica, whereas 

Rosa focused on foregrounding the relationship between moisture and depth represented in the 

diagrammatic model.  

 This example illustrates how artifacts like models sediment into the substrate as resources 

that interact with students’ epistemic aims in ways that can both support and constrain students’ 

later enactments of modeling practices. We chose this example because it demonstrates how the 

same artifact can be used and transformed in different ways, even by students working together 

in the same group. Thus, we argue that artifacts are not inherently supports or constraints, but 

rather shape students’ activity in open-ended ways, as proposed by Goodwin (2017), in 

interaction with students’ epistemic aims and beliefs.   

Practices 

Above, we demonstrated that students’ previously created diagrammatic models simultaneously 

supported and constrained their physical models. In addition to the influence of these artifacts, 

we also found that prior practices shaped students’ later enactments of modeling practices. This 

finding aligns with Goodwin’s (2017) argument that memories of practice are the sedimented 

product of prior engagement in specific processes, and that these memories are a resource 
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available in the substrate for later action. In this section, we describe ways in which students 

longitudinally reused and transformed their experiences with modeling practices throughout the 

semester.    

More specifically, some groups drew on their prior experience with practices of 

representation and abstraction by creating hybrid physical models that included some literal 

features of the garden (soil or water) but also included some stand-ins for variables, like sticks to 

represent dead plants or felt to represent roots. These choices suggest that the practice of using 

symbols in models, which became common during the construction of diagrammatic models, 

sedimented into students’ physical modeling practices. One group argued that using felt as a 

stand in for roots in their physical model would help them collect data more quickly:  

 Brayan:  We are testing deep versus shallow roots and which one would have  

more moisture. 

 Teacher (Ashlyn): Why are you using felt instead of real roots? 

 Jolie:    Mr. S said we could. And said they could absorb moisture just  

    like roots. 

Brayan:  And also it doesn’t take as long as growing real roots, so we will get 

measurements faster. 

  

Only two groups chose to substitute non-living materials for living variables, like roots. Even so, 

most groups adopted at least one stand-in variable, like light boxes instead of sunlight or fast-

growing cover crops instead of grass. One student problematized the light boxes: Angelica 

predicted that large plants would protect the soil from losing water because they would create 

shade and limit evaporation. She noticed that the light from a light box shines straight down on 

the plants, simulating the middle of the day and minimizing the size of the shadows produced. 

She therefore chose to keep her plant on the window, despite her concern that the sun would 

reach the plants less often at the window than it would outdoors. The practice of creating hybrid 
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representations stemmed from students’ prior practice of selecting certain aspects of the model to 

foreground and others to represent with symbols (now stand-in variables).  

 These substitutions suggest that students were capitalizing on modeling as a form of 

analogy, deciding that their models did not need to be composed of the same components as the 

garden. This practice resembles professional scientists’ hybrid devices (Nersessian, 2017). 

Scientists relying on hybrid devices carefully manage the tension between abstraction and 

convenience versus empirical results. In this activity, our students began to consider the efficacy 

of their models as analogies. For example, Jolie noted that the felt in her model “could absorb 

moisture just like roots” and Angelica expressed concern about the angle of the light within the 

light boxes.  

 

Figure 5. Process oriented zoom-in bubbles representing nitrogen fixation in roots. 
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The practice of substituting materials in the context of physical models both supported 

and constrained students’ opportunities for modeling. For example, using felt to stand in for roots 

did not produce data consistent with other students’ live-plant models. This constrained the 

group that used felt by preventing them from using their physical model to answer their initial 

question about the relationship between roots and soil moisture. At the same time, this constraint 

was also generative; it led to new opportunities for learning by challenging students’ 

understanding of roots, leading to questions about the role of roots in the garden. 

 In response to questions about the relationship between roots and soil moisture, students 

generated new research questions in the fourth week of the semester that explored the 

relationship between roots and the surrounding environment. In this new context, we also 

observed students building upon practices from their prior modeling experiences, including 

zoom-in bubbles and conditions. Yet, students did not replicate former practices; instead, they 

transformed their practices in response to the unique challenges posed by their new questions. 

Students’ new models were more process-oriented than their original diagrammatic models, 

because they addressed ideas that were more mechanistically complex. From the perspective of 

the students, for example, the process of nitrogen fixation involves more components and 

processes than the distribution of water through soil. In response, rather than using zoom-in 

bubbles to show details of small objects, students began to use zoom-in bubbles to represent 

processes like nitrogen fixation by rhizobia bacteria in roots (24% of students, Figure 5). When 

observing the garden, it was impossible for students to see such microscopic processes. In 

response, students turned to websites explaining roots’ structure and function that described 

these processes. Students appropriated their previous practice of zoom-in bubbles to represent 
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these processes, integrating online resources and their own prior modeling experiences to 

longitudinally transform their modeling practices.  

These examples demonstrate how students’ modeling practices are longitudinally reused 

and transformed as students encounter new representational contexts and explore new questions. 

The practices of representation and abstraction introduced and transformed during students’ 

initial modeling experiences continued to shape and constrain their modeling activities 

throughout the semester as they created physical models to test their initial predictions about soil 

moisture and as they created models to explore their next question, about roots. Thus, our data 

show that students’ prior modeling practices critically contribute to the substrate and influence 

their subsequent opportunities for learning and for engaging in seeds of professional science 

practices. 

 Dimension two summary 

In this section, we demonstrated that even after their initial use and transformation, elements of 

students’ modeling practices continued to be reused and transformed longitudinally. Specifically, 

we showed that both artifacts and practices sediment into the substrate to shape students’ later 

enactments of modeling practices. For instance, students’ diagrammatic models shaped their 

physical models. For some students, like Caroline, their diagrammatic models constrained their 

opportunities for learning through physical modeling, because they interpreted their 

diagrammatic models a blue print for their physical models. Other students, like Rosa, drew on 

the mechanisms represented within their diagrammatic models to support the design of 

productive physical models. For example, in her diagrammatic model, Rosa proposed that soil 

near the top of the garden would be more dry because it was exposed to more sunlight. To 

foreground this relationship in her physical model, she represented the proposed cause by placing 



 
98 

the cup in a light box, and she captured the proposed effect by creating holes in the side of the 

cup to test moisture at different layers of the soil. Rather than replicating the appearance of her 

diagrammatic model, she replicated the proposed mechanism from her diagrammatic model in 

her physical model. In addition to the influence of other students’ practices, students’ epistemic 

choices about the design of their physical models were also influenced by their own previous 

practices; for example, some students transformed the practice of using symbols in their 

diagrammatic models to the practice of using stand-in materials in their physical models. Such 

choices shaped the data that students collected and ultimately the questions they later asked in 

response to their data. These examples illustrate the chain of influence that extends from earlier 

learning environments and activities to subsequent modeling experiences. 

Dimension three: Reuse and transformation of other science practices in modeling 

In the previous two sections, we described how modeling practices are reused and transformed 

across immediate and longitudinal timescales. In this section, we describe how students’ 

experiences with other classroom science practices interact with students’ evolving modeling 

practices, specifically focusing on the interaction between modeling, experimental design, and 

data analysis practices. This dimension of reuse and transformation suggests that in K-12 science 

classrooms, practices cannot be isolated; rather, the substrate of resources available to students 

includes a variety of practices, artifacts, and experiences. Learning environment designs should 

thus consider the full range of students’ experiences and how they interact to support and 

constrain students’ science learning.  

Though researchers and educators often characterize professional science practices as 

distinct, in reality these practices are inextricably linked (Lehrer & Schauble, 2015). Thus, we 

would expect not only students’ previous experiences with models and modeling practices to 
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shape their engagement with modeling, but also their experience with other professional science 

practices or seeds of these practices in classroom contexts. In our data, we observed interaction 

between students’ developing modeling practices and professional science practices more 

broadly. In this section, we illustrate how students’ experiences with additional practices, 

including experimental design and data analysis, interacted with students’ modeling practices in 

response to the problems that students faced in designing, constructing, and evaluating their 

physical models.  

In addition to their diagrammatic models and prior modeling experiences, students built 

upon their experience with experimental design to construct their physical soil moisture models. 

For example, several groups drew on their experience with control of variables to design their 

models. They were concerned that the clear sides of the cup would confound their data, because 

they were investigating patterns related to sunlight either directly or as an input that affects plant 

growth. In response, several groups covered their cups with tape, paper, or felt (Figure 4d) – 

features that were not present in their diagrammatic models of the garden. In this way, the 

students’ previous experiences with experimental design prompted goals, such as attending to 

controlled variables, that were not prompted by their aims to replicate their diagrammatic 

models. This example suggests that artifacts and experiences from different contexts and 

timescales can inform students’ modeling practices simultaneously, each contributing to 

students’ enactments of modeling practices.  

Students’ aims of re-creating diagrammatic models and enacting experimental design 

practices did not always invoke opposing actions; in some cases, students’ diagrammatic models 

aligned with experimental design practices. A common trend among students’ physical soil 

moisture models was an emphasis on an experimental design that compared two discrete 
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conditions while controlling all other variables that would prove their prediction either true or 

false (75% of groups). It is possible that students adopted this two-condition design for their 

physical models because they were working from diagrammatic models in which patterns were 

represented with two conditions. It is also possible that the focus on discrete variables could be 

connected to the conceptual context; it is hard to represent variables like light on a continuous 

scale without sophisticated sensors, and it is difficult to generate a large sample related to root 

depth in a small cup during a two-week experiment.  

Additionally, available materials (small cups with little opportunity for quantifying 

variation) could have shaped the data students were able to collect from their models and 

encouraged them to see their data as binary. Pickering (1995) and Goodwin (2017) describe the 

ways that available tools and materials similarly shape professional vision for scientists. 

Pickering (1995) observes that scientists create machines to “capture” knowledge about 

materials, and that their conclusions and their later questions are shaped by the data they are able 

to obtain from their machines. Similarly, Goodwin (2017) describes the ways that professional 

tools shape and constrain the perceptions and actions of professional scientists, from simple hand 

lenses for observing properties of rocks to complex tools for measuring properties of ocean water 

and collecting samples. A similar phenomenon may occur in a classroom context as the tools and 

practices that have sedimented into shared classroom practices, such as designs that compare 

binary conditions, continue to shape the questions that students ask and the ways that students 

collect and analyze data.  

The two-condition practice was reused and transformed in the context of the root models 

as well. When students planned their physical models, most groups relied on a two-condition 

strategy (63% of groups), even though most groups created process-oriented rather than two-
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condition diagrammatic models to explain their root phenomena. Students transformed the two-

condition practice by collecting data for their comparisons in new ways. In the soil moisture 

models, the dependent variable was moisture. In terms of measurement, students typically 

collected one discrete measurement for moisture per day and recorded change in this measure 

over time. For the root models, most groups operationalized their outcomes in terms of a 

continuous variable, like plant growth, which they typically captured by sampling 3 to 10 plants 

and calculating their mean height, although some groups chose to measure the tallest plant each 

time. Because these measures were continuous, students had the opportunity to see variance 

emerge in their models in a way that was not possible in their soil moisture models. Despite this 

variance, students continued to interpret their data as an answer to a binary question.   

For example, some groups explored the role of mychorriza, a symbiotic fungus, in 

helping roots absorb nutrients. They asked, “Do mychorrizae help roots absorb more nutrients?” 

as opposed to, “To what extent do mychorrizae help roots absorb nutrients?” or, “Under what 

conditions do mychorrizae support plant growth?” Their binary lens led to difficulty interpreting 

data when they found that some models inoculated with mychorrizae experienced greater 

growth, whereas others did not – the binary question did not create space to ask why these 

findings occurred, because it simply asked whether or not mychorrizae would help plants grow. 

In fact, mychorrizae fungi flourish in shade, which explained the differential results. Asking 

questions about conditions under which mychorrizae help plants could have led students to 

design tests that considered more variables than presence or absence of mychorrizae, for example 

different levels of light.  Thus, student’s prior practice of representing data as binary limited their 

opportunities to build more nuanced understandings of phenomena.  
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In these examples, classroom practices for experimental design informed students’ 

physical modeling practice because their two-condition practices sedimented into their new 

designs. At the same time, the affordances and constraints of the available materials influenced 

the students’ enactments of these practices. This activity therefore illustrates the complex 

interaction between the immediate context of students’ activity and students’ past experiences 

with modeling and with other classroom science practices. These examples demonstrate that 

students’ prior experiences with classroom science practices shape their professional vision for 

modeling. Goodwin (2017) explains that professional vision influences what is worth noticing 

about a phenomenon and what actions should occur in response to the immediate context. For 

example, he describes archaeologists’ attunement to the slope of a landscape or the subtle color 

change in soil samples as markers of significance in their environment. We conjecture that 

students’ prior modeling performances similarly shaped their vision for what is worth asking 

about phenomena in science class. Perhaps because they were attuned to experimental design, 

which is a standard across all four years of middle school in this state, or perhaps because 

students created knowledge that was meaningful and generative to the class by asking binary 

questions of their soil moisture models, they reused the two-condition practice as they created 

and analyzed their roots models, even though the variability in the data afforded opportunities to 

ask more nuanced questions as described in the section above. 

This isn’t to say that students simply reused their prior practices; students interpreted the 

data from their root models with more nuance than the data from their soil moisture models, 

transforming their practices of data analysis. For example, Stephanie’s group studied root caps to 

learn about how roots grow. She explained, “root caps allow for increased root growth 

downward, so my evidence supported my prediction, but not strongly. The growth of plants with 
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or without root caps was only averaging 0.5 inches difference, which is barely noticeable.” 

Responses like these suggest that students were attending to data in a different way than they did 

in their moisture models, in which they did not attend to sources of error. It is possible that 

seeing the variability in their plants facilitated this change in students’ practices; seeing the 

variation across all the plants might have helped Stephanie recognize that a “0.5-inch difference” 

is not very significant. In this way, students’ previous practices interacted with the conceptual 

context to shift students’ data analysis practices. At the same time, students’ resources for 

engaging in classroom science practices, including modeling and experimental design practices, 

limited their learning as students shaped their questions into binary comparisons.  

Dimension three summary 

These data illustrate interactions between students’ epistemic aims and their experiences with 

classroom science practices, which shape students’ opportunities for learning in science 

classrooms. Our data suggest that students’ prior experiences with modeling and with other 

classroom science practices were resources for students as they reused and transformed physical 

modeling practices to test their predictions about roots. However, these resources also 

constrained their ongoing transformation of modeling practices by limiting their opportunities for 

exploring variation in their data and asking nuanced questions. These findings emphasize the 

importance of attending to students’ prior experiences with classroom science practices beyond 

modeling because these practices influence students’ modeling practices as they approach new 

problems. To support the transformation of these practices in powerful and productive ways in 

response to new contexts, it may be necessary for educators to help students expand their 

perception of the substrate of relevant practices by introducing new practices or by helping 

students recognize and leverage resources from other experiences. As emphasized by Keifert and 
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Marin (2018), it is important to explore which practices get sedimented and the ways those 

practices are reused or ignored, because resources available within the substrate have significant 

implications for the questions students ask, the designs they create, and their interpretation of the 

data they collect.  

Conclusions and implications 

In this paper, we aimed to explore the longitudinal and accumulative relationship between 

classroom modeling practices, students’ modeling practices, and students’ models. We presented 

illustrative examples of three dimensions of co-operative action and sedimentation in classroom 

modeling practices. In the first dimension, students transformed representational practices 

introduced by the teacher and by other students to address problems in the immediate context 

they encountered, such as the abstraction practices they developed that enabled them to manage 

the overwhelming number of plants in the garden. In the second dimension, we showed how 

these initial models and practices were reused and transformed in response to new 

representational and conceptual contexts, including physical models and new questions about the 

role of roots in the garden. As a tertiary dimension, we explored how the interactions between 

students’ epistemic aims and their prior experiences with other classroom science practices 

influenced their reuse and transformation of modeling practices. 

 These findings demonstrate that students’ modeling practices are reused and transformed 

over longitudinal timescales and in interaction with other classroom science practices. Because 

researchers and educators aim to integrate modeling and other practices across K-12 science 

curricula (e.g. NGSS Lead States, 2013), it is important to understand how students’ prior 

enactments of professional science practices or seeds of these practices inform their later 

practices and beliefs. Thus, it is important to explore the ways that students’ models trace and 
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sediment into practices. This paper illustrates some of the ways that students’ modeling practices 

shift over time through reuse and transformation, supporting and constraining later practices in 

the process. Furthermore, this paper demonstrates the role of social dynamics in the classroom 

community in shaping students’ opportunities for development toward professional science 

practices, such as modeling. With a co-operative action lens, it is possible to consider whether 

and how practices spread through classrooms, as well as who is able to contribute productive 

transformations of practice to the substrate of shared classroom practices, providing an important 

indicator of the health of the classroom as a scientific community. Whereas learning progressions 

offer a useful lens for analyzing the sophistication of students’ modeling practices in a given 

context, co-operative action instead focuses on the fluid nature of students’ practices over time 

and their ability to travel through social interactions. 

Through our analysis, we confirm that, as proposed by Goodwin (2017) and others (e.g., 

Lemke, 2000; Pahl, 2003), students’ models and scientific modeling practices become part of the 

substrate for later enactments of modeling practice and that these practices develop co-

operatively and accumulatively across the student community. Although Lemke argues that these 

processes occur across timescales, the data and analysis he presents focuses on small grain-sizes, 

such as conversational turns. Therefore, we have also drawn on literature that describes 

longitudinal processes of sedimentation in terms of literacy and identity (e.g. Rowsell & Pahl, 

2007; Pahl, 2003) to inform our analysis of how artifacts and existing classroom practices shape 

students’ subsequent practices and opportunities for learning. We find that a co-operative action 

lens is a useful framework for analyzing the development of classroom practices because it 

accounts for the transformation of practices over time in response to new contexts. In contrast, 

tools such as learning progressions often describe learning as a process that occurs in a discrete 
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sequence. Science education literature has traditionally emphasized learning progressions that 

are content-based sequences that describe an individual’s path from novice to expert knowledge 

(Gotwals & Alonzo, 2012). More recently, learning progressions have shifted to focus on 

students’ development of practices and epistemologies (e.g. Schwarz et al. 2012). Although 

learning progressions are therefore valuable tools for designing curricular arcs and considering 

classroom trajectories, they can overlook the processes through which students collaboratively 

build practices and understanding between the levels of the learning progression. Analysis of 

classroom data from a perspective of co-operative action and sedimentation is a contribution that 

extends this work in new directions by exploring the social development of modeling practices 

that shift in response to changing contexts within the classroom and provide an indicator of the 

health of the classroom as a scientific community by allowing researchers and educators to trace 

students’ opportunities to leverage interactions with their teacher and peers to reuse and 

transform practices to pursue their own lines of inquiry.  

Moreover, learning progressions often represent a single domain – students’ knowledge, 

skills, practices or beliefs over time. In this sense, learning progressions are a restricted 

taxonomy (Goodwin, 2017, p. 267). Restricted taxonomies offer affordances by restricting 

research and analysis to patterned variation along a single domain for comparison. However, 

they also constrain analysis by overlooking other laminated features of context and action. As an 

example, Goodwin describes Berlin and Kay’s (1967) universal sequence of color terms. By 

focusing on color names, Berlin and Kay are able to compare color names across cultures, 

allowing them to identify common features across languages. Yet, their analysis does not 

account for the ways that color names are situated in action. Goodwin argues that Berlin and 

Kay’s framework overlooks other sensory modalities, for example, the way that notions of 
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succulence and freshness may be included in the term green for tropical forest hunters and 

gatherers. Similarly, learning progressions are appropriate tools for considering patterned 

variation across a single domain of possibilities, for example enactments of a certain modeling 

practice over time. Yet learning progressions can overlook the other components of the situated 

activity systems in which practices are enacted. To more fully understand what students know 

and are able to do collaboratively in a science classroom, it is important to consider other 

relevant features of context and action as well, including the material environment, socially 

shaped knowledge, the roles of the participants, and processes of interaction.  

Still, there are caveats and limitations to our findings. Broadly, there are limitations to 

consider when using a co-operative action lens to trace the development of students’ engagement 

in science practices. One limitation is that this approach backgrounds the consideration of what 

practices and concepts students should engage with on a developmental pathway toward 

sophisticated professional practices, instead tracing the processes through which students 

appropriate and transform practices from a value-neutral perspective. Tools like learning 

progressions are better suited to evaluating students’ progress toward developmental targets or 

designing curricular arcs toward sophisticated practices. A second limitation of this study 

involves potential generalizability of specific patterns of co-operative action. While we are able 

to describe the ways that students reused and transformed science practices in this context, our 

relatively small-scale qualitative data is not sufficient to make specific generalizable claims 

about how these processes are likely to unfold in other classrooms. Instead, we demonstrate 

reuse and transformation within the classroom as a general mechanic, and we provide a 

foundation for future research and for educators by providing a thick description of the context 
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and the learning activities so that others can compare specific contexts to the one described in 

this paper.  

There is much to learn about students’ science practices by applying a co-operative action 

lens to longitudinal classroom data. Further research should explore (a) the ways that practices 

are introduced or emerge within a classroom, (b) students’ opportunities for transforming or 

leveraging practices from outside of the classroom in service of sensemaking in science, (c) 

which practices, introduced by the teacher or students, do or do not become sedimented into 

shared classroom practices and the processes through which this occurs, (d) the relationship and 

interaction between different professional and classroom science practices from the perspective 

of co-operative action, and (e) how practices accumulate over greater timescales, including 

across school years and sequential science courses at a school.  

A potential implication of extending this line of research is an analytic frame that bridges 

indicators of a classroom as a healthy scientific community with the development of 

sophisticated modeling practices. Lehrer and Schauble’s (2015) seeds of modeling perspective 

suggests developmental precursors to sophisticated modeling practices. Learning progressions 

(e.g., Pierson et al., 2017; Schwarz et al., 2012) have attempted to trace the development of these 

seeds into sophisticated professional practices. A co-operative action lens can trace the social 

development of practices in parallel with this conceptual developmental trajectory. An important 

goal for future research would be to bridge these perspectives, as proposed by Lemke (2000), to 

trace the development of sophisticated science practices in relation to the roles of participants in 

the community longitudinally.  

Additionally, in this study, we observed, but did not design for, students’ transformation 

and stabilization of practices. As a mechanism for learning, co-operative action suggests that 
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unless practices are transformed to fit new contexts, they will not be recognized as relevant 

elements of the substrate (Goodwin, 2017). Future research should therefore consider ways to 

increase students’ opportunities to productively transform professional and classroom science 

practices in response to their own questions and contexts. This work might build upon Hall and 

Horn’s (2012) study of conceptual change at work, which found that professional learning 

advances over multiple temporal and spatial sales and relies on intersubjectivity of participants, 

adequate representations of practice, and opportunities to renegotiate practice. Even so, 

productive transformation of practices does not always result in the stabilization of emergent 

practices.  For example, Hutchins (1995) analyzes the real-time transformation of practice as a 

crew brings a naval ship into harbor under crisis conditions. Although practices were radically 

transformed in this example, as Hutchins notes, no formal reflection on these practices was 

conducted, and the crew’s experiences were not recorded. As a result, opportunities for 

accumulation and stabilization of emergent practices were lost. While further research is critical 

into these and other issues shaping students’ transformation and stabilization of authentic science 

practices, it is clear that co-operative action provides a productive framework for analyzing 

learning from a practice-based perspective of science.   
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CHAPTER IV 

 

SCIENTIFIC MODELING AND TRANSLANGUAGING: A SYNCRETIC APPROACH TO SUPPORT 

PRODUCTIVE SCIENCE DISCOURSE 

 

This paper addresses two forces shaping science education. First, a new wave of reform 

emphasizes engaging students in science practices (e.g., Duschl, Schweingruber & Shouse, 2007; 

NGSS Lead States, 2013; Östman & Wickman, 2014). Second, broadening participation in 

science to include bilingual students is increasingly urgent. Students classified as English 

learners (ELs) are the fastest growing subset of the U.S. student population (National Center for 

Education Statistics, 2019), and over 21% of school-age children speak a language other than 

English at home (U.S. Census Bureau, 2012).  

Science education with bilingual learners has historically emphasized English learning as 

a pre-requisite for engaging in disciplinary practices. Yet, academic English is neither necessary 

nor sufficient for learning (Lee, Miller, & Januszyk, 2014; Kroll & Dussias, 2017). Instead, 

research promotes engaging students in language-intensive science practices (e.g., Pearson, 

Moje, & Greenleaf, 2010), finding that students can leverage and integrate hybrid resources, 

including language, drawing, and gesture, to engage in complex and rigorous disciplinary 

thinking (Moschkovich, 2015; Suárez & Otero, 2014). Moreover, research demonstrates that 

similarities between everyday linguistic practices and disciplinary practices can be leveraged to 

support the development of meaningful classroom science practices (e.g., Hudicourt-Barnes, 

2003). To promote designs that similarly link and leverage everyday and professional practices, 

Gutiérrez and Jurow (2016) propose a syncretic approach to design. This approach aims to 

connect and reorganize everyday and disciplinary practices to create new forms of knowledge 
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and expertise in service of equitable learning. 

Following this approach, we aim to help bilingual students blend aspects of everyday 

linguistic practices with disciplinary practices. In this paper, we focus on scientific modeling and 

everyday translanguaging practices. Modeling is the practice of creating, using, or revising 

models (conceptual or material representations of a phenomenon) to reason or express ideas 

about the referent phenomenon (e.g., Latour, 1999; Nersessian, 2008; National Research 

Council, 2012). Translanguaging practices are the ways that individuals, including 

“monolingual” individuals (Blackledge & Creese, 2017; Kusters, Spotti, Swanwick, & Tapio, 

2017), flexibly and fluidly use modes (meaning-making resources, such as image, writing, 

speech, and action) for reasoning and expression (Blackledge & Creese, 2017; Bezemer & Kress, 

2008; García, 2009; Jiménez et al., 2015).  

The theory of translanguaging characterizes an individual’s resources for communicating 

and meaning making as a single system (García, 2009). Even so, for bilingual1 individuals, 

translanguaging practices can feel like a form of boundary crossing because using resources from 

different “named” languages, like English and Spanish, can have real and material social 

consequences (Otheguy, García, & Reid, 2015). In this study, we focus on integrating modeling 

and translanguaging practices because they are used for structurally comparable purposes: 

creating representations that bridge boundaries across discourses. 

 
1 From the perspective of translanguaging theory, “bilingual” and “monolingual” are socially constructed concepts; 

there is no threshold of linguistic knowledge that distinguishes between monolingual, bilingual, and multilingual 

students. Still, these categories are important in discussions of social identity and sociolinguistic behavior (Otheguy, 

García, & Reid, 2015). In this study, we use “bilingual” to describe students who identified as bilingual and used 

more than one language (in or out of school), including students who were classified as English learners by their 

school. We use bilingual rather than multilingual for consistency with existing literature (e.g. García, 2009; 

Otheguy, García, & Reid, 2015) and because we did not observe any students drawing upon more than two 

languages in the data we collected. We use “monolingual” for students who did not identify as bilingual and used 

English almost exclusively for speaking and writing. We recognize that “monolingual” students can leverage other 

multimodal resources, like gesture and drawing, and sometimes use resources from languages other than English. 
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We propose that the structural similarities between modeling and translanguaging could 

be leveraged to position these practices as complementary. In K-12 contexts, modeling and 

translanguaging are difficult to support (e.g., Cole, David, & Jiménez, 2016; Lehrer, Schauble, & 

Lucas, 2008; Schwarz, Reiser, Archer, Kenyon, & Fortus, 2012). In this study, we explore the 

potential of integrating modeling and translanguaging practices in service of productive science 

discourse for bilingual students and their monolingual peers. In the context of a 6th grade STEM 

classroom, we investigate how students participated in syncretic forms of modeling and 

translanguaging by: translating as a part of modeling and using language and conversation as 

metaphors for making sense of models and the phenomena they represent.  

Theoretical framework 

In this section, we first consider syncretism as an approach for supporting equitable and 

consequential science learning. We then discuss scientific modeling and translanguaging, 

identifying parallels between these practices and ways that they could complement each other. 

Syncretic approach to design 

Research emphasizes the importance of leveraging students’ cultural practices in science 

education. Nasir, Rosebery, and Warren (2006) argue that learning is a cultural process because 

resources for learning are rooted in communities’ historical practices, and they are dynamically 

transformed in response to new problems and goals. In a number of contexts, science education 

researchers have designed learning environments that simultaneously attend to students’ cultural 

practices and to disciplinary ideas and practices (e.g., Bang & Medin, 2010; Emdin, 2010; 

Hudicourt-Barnes, 2003; Rosebery, Ogonowski, DiSchino, & Warren, 2009).  

More recently, Gutiérrez and Jurow (2016) have described an approach to design 

informed by syncretism, a construct that describes the union of different principles or practices 
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(Gutiérrez, 2014). Gutiérrez and Jurow’s concept of syncretism extends the work of Duranti and 

Ochs (1997), who define “syncretic literacy” as “an intermingling or merging of culturally 

diverse traditions” that “informs and organizes learning activities” (p. 172). Gutiérrez and Jurow 

(2016) leverage the concept of syncretism in their designs for learning. Their approach involves 

putting into relation the everyday experiences of nondominant communities and formal scientific 

or institutional practices. In this way, they aim to create opportunities for nondominant 

communities to appropriate and transform practices.  

Gutiérrez and Jurow (2016) illustrate this approach by describing the Migrant Student 

Leadership Institute (MSLI), a design intended to support high school students from migrant 

farmworker backgrounds. The goal of the MSLI project was to help students develop 

sociocritical literacies that addressed contradictions and possibilities in everyday practices and 

institutions of schooling. For example, the project addressed the contradiction between students’ 

“need and right to leverage their full linguistic toolkits in learning” (p. 573) and the English-only 

language practices in institutions of schooling. To address this tension, researchers foregrounded 

goals related to learning and equity by privileging students’ linguistic practices, including forms 

of translanguaging, and by supporting students in developing literacy practices valued in high 

schools and universities. One aspect of MSLI that supported these goals was the creation of 

syncretic textual forms, which reorganized everyday genres, including testimonio, a form of 

historicizing narrative, and school-based genres, such as expository essays and extended 

definitions. Gutiérrez and colleagues found that the hybridity of these texts increased the 

likelihood that they could be valued both in formal settings and by MSLI students and their 

communities (Gutiérrez, 2008; Gutiérrez & Jurow, 2016).  

Other researchers have taken up this syncretic approach to design in a number of 
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contexts, including work that moves outside of literacy to embrace representationally-rich STEM 

practices (e.g., Barajas-López & Bang, 2018, Suárez et al., 2018). Across these studies, 

researchers find that a syncretic approach to design offers participants a means to see their 

everyday practices as valuable in disciplinary contexts while creating opportunities for 

participants to access and transform disciplinary practices in ways that are meaningful to their 

goals and their communities. 

Science Learning 

In the current study, we propose that a syncretic approach that integrates modeling and 

translanguaging could support science learning for bilingual and monolingual students. From the 

perspective of science-as-practice, Lehrer and Schauble (2015) argue that science learning is 

“learning to participate appropriately” in a scientific community (Lehrer & Schauble, 2015, p. 

676). A “scientific community” is a group of people with shared values and tools and a shared 

purpose: creating scientific knowledge (Ford & Forman, 2006; Lehrer & Schauble, 2015). 

Drawing on science and technology studies, Lehrer and Schauble explain that “participating 

appropriately” in a scientific community involves developing practices for generating and 

evaluating scientific knowledge and using those practices to contribute to scientific knowledge.  

In contrast to skills (mental structures or behavioral routines), practices are the specific 

ways that knowledge claims are proposed, evaluated, and legitimized within a community 

(Kelly, 2008; Lehrer & Schauble, 2015; Rouse, 2007). Over time, practices are transformed 

(Goodwin, 2017); they are shaped by scientists’ questions and lines of inquiry (Latour, 1999; 

Pickering 1995), and they constantly change in response to new technologies, concepts, 

questions, and social orders (Fox Keller, 2003; Knorr Cetina, 2009; Lehrer & Schauble, 2015; 

MacLeod & Nersessian, 2013). Science practices include forms of discourse – ways of 
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expressing ideas with talk, writing, and visual and material representations (Bazerman, 1988; 

Gee & Green, 1998; Gooding, 2006; Latour, 1999). Such discourse practices allow scientists to 

communicate and collaborate, and they offer scientists generative perspectives of phenomena 

(e.g., Gooding, 2006; Nersessian, 2017).  

Because “appropriateness” is defined by the dominant community, discourse practices 

that are considered “appropriate” can also be oppressive. For example, the English-only practices 

common in U.S. classrooms limit bilingual students’ opportunities to leverage their full linguistic 

repertoires. Moreover, this emphasis on academic English limits all students’ opportunities to 

leverage multimodal representations for sensemaking in science. We propose that syncretic 

modeling and translanguaging practices could contribute to productive science discourse by 

destabilizing this emphasis on academic English. In a classroom context, we consider science 

discourse “productive” when it supports the development of scientific knowledge, disciplinary 

practices, and a scientific community.  

Parallels between scientific modeling and translanguaging 

Research demonstrates that translanguaging practices can support rigorous engagement in STEM 

practices by increasing students’ access to representational resources (Domínguez, 2010; 

Espinosa & Herrera, 2016; Luk & Lin, 2015; Moschkovich, 2007; 2015; 2018; Razfar, 2013). 

Furthermore, similarities between linguistic and scientific practices can be leveraged 

synergistically. For example, Hudicourt-Barnes and Ballenger (2003; 2008) describe similarities 

between the Haitian cultural practice of bay odyans and scientific argumentation, and they 

illustrate how Haitian students transformed bay odyans to support scientific inquiry.  

Hudicourt-Barnes (2003) posits that argumentation – constructing claims based on 

evidence developed through science practices – is an essential component of professional 
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science. She notes that structurally similar but culturally specific practices exist in a type of bay 

odyans: diskisyon. Diskisyon is an animated discussion that allows participants to take on roles, 

like a theoretician and a challenger, and perform their argument in a way that is entertaining to 

their audience. She illustrates how bay odyans is transformed to become an intellectual resource 

in science, allowing students to present ideas about science in their native language and shifting 

the participation structure to one in which students collectively attempt to make sense of 

scientific phenomena by examining, testing, and exploring their beliefs and ideas.  

In this paper, we build on research about synergy between linguistic and scientific 

practices by identifying structural similarities between scientific modeling and everyday 

translanguaging practices. Parallels between modeling and translanguaging exist because both 

are used for structurally similar purposes: bridging boundaries by creating and conveying ideas 

with representations.  As an analogy, Galison (1997) compares modeling practices to the “contact 

languages” that arise at the boundaries between groups. Contact languages, like “pidgins” and 

“creoles,” draw on the elements of two or more active languages, altering native languages to 

facilitate communication – “pidgins” draw on multiple languages to communicate between 

groups, whereas “creoles” are pidgins that have been extended, complexified, and stabilized to 

the point that they can serve as native languages.  

Like pidgins, modeling and translanguaging practices can be used to bridge boundaries 

across discourses. Modeling allows scientists with different areas of expertise, like experimental 

and theoretical physicists, to collaborate generatively with abstract representations (Galison, 

1997; MacLeod & Nersessian, 2014). Translanguaging allows bilingual individuals to 

communicate across the political and social boundaries of “named” languages, like English and 

Spanish (García & Kleyn, 2016). Like creoles, the modeling and translanguaging practices that 
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are used to bridge across discourses can stabilize within emerging communities of practice 

(Hudicourt-Barnes, 2003; Nersessian, 2017). These similarities result in parallels between 

practices; both modeling and translanguaging rely on multiple modes and involve translating 

between representations. These practices are not straightforward; they require attending to 

correspondence (the extent to which ideas stably and precisely map across representations) and 

salience (the ways that ideas are foregrounded or backgrounded by different representations).   

We elaborate two of these parallels, though others likely exist. Specifically, we show that 

modeling and translanguaging both involve: multimodal representations and mapping across 

representations with attention to correspondence and salience. We propose that these parallels 

could provide a foundation for connecting modeling and translanguaging practices in service of 

productive science discourse. 

Multimodal representations 

Modeling and translanguaging both rely on multimodal representations. A mode is a “socially 

and culturally shaped resource for meaning making” (Bezemer & Kress, 2008, p. 171); examples 

include image, writing, speech, and action. Modes have unique affordances and commitments 

(Bezemer & Kress, 2008; Goodwin, 2017); for instance, visual modes afford and demand 

representations of spatial relations between objects, such as proximity and adjacency, whereas 

representing spatial relationships is optional in written modes. In contrast, written modes have a 

stronger commitment to sequence, even when the referent phenomenon is non-sequential, 

because texts are read linearly. As a result of these unique affordances, meaning cannot be 

precisely or stably translated across modes (Bezemer & Kress, 2008). Adding complexity, the 

meaning of a multimodal representation is often contingent on interactions among the multiple 

modes within the representation (Feldman, Aragon, Chen, & Kroll, 2017; Goodwin, 2017).  
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In science, multimodality generatively shapes the ways that scientists see and understand 

phenomena (Gouvea & Passmore, 2017; Latour, 1999; Lemke, 2000; MacLeod & Nersessian, 

2013; Nersessian, 2017). Specifically, modeling practices involve coordinating multimodal 

representations that offer different perspectives to build increasingly nuanced understandings of 

complex phenomena. For example, Gooding (2006) illustrates how Faraday used several 

representations to explain why aquatic microorganisms seemed to have biologically implausible 

wheels propelling them through water. Faraday observed that the linear spokes of wheels appear 

curved when moving quickly. To test this analogy, he created physical simulators that reproduced 

the illusion of rotors. With sketches and physical models, he explained that what appeared to be 

rotors were in fact rapidly moving but anchored ciliae. Each model offered unique affordances 

because each was shaped by different modal resources. Static sketches allowed Faraday to 

consider in detail structural components of microorganisms and spinning wheels. Dynamic 

physical structures and simulations allowed Faraday to test and refine his explanation as he 

attempted to reproduce the optical illusion of rotors. In this way, Faraday used hybrid resources 

to compare and combine features of phenomena at a perceptual and conceptual level. 

Bilingual students also rely on hybrid resources, including images, drawings, gestures, 

and multilingual texts, to make sense of ideas (e.g., Blackledge & Creese, 2017; Canagarajah, 

2011, 2013; Daniel and Pacheco, 2016; Moschkovich, 2015; Suárez & Otero, 2014). For 

example, Pacheco and Smith (2015) describe how middle school students composed multimodal 

presentations about a personal hero, simultaneously making sense of disciplinary ideas and 

developing literacy practices (Smith, Pacheco, & de Almeida, 2017). Students conducted 

interviews and research using English and other languages, and they explored themes of heroism 

with text, talk, and images (Pacheco & Smith, 2015; Smith et al, 2017). Students also used a 
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range of modes to bridge social and cultural boundaries in their multimodal presentations. One 

student used English to communicate to her peers, writing, “I love my mom so much.” On the 

same slide, she used a recording in Vietnamese to speak directly to her mother, saying “Con 

thương mẹ nhiều lằm,” meaning “I love you very much” (Pacheco & Smith, 2015, p. 302). In 

this project, students flexibly and fluidly used multimodal and multilingual resources to add 

depth to their understanding of heroism while simultaneously developing disciplinary practices 

related to digital literacy and multimodal composing. This example illustrates how, like 

scientists, bilingual students intentionally use multiple modes to create and convey meaning. 

Mapping across representations 

In addition to relying on multimodal representations, modeling and translanguaging both involve 

bridging boundaries between domains that are not precisely aligned, requiring attention to 

correspondence and salience. 

At their most basic level, models are analogies (Hesse, 2000; Lehrer & Schauble, 2015). 

Because different analogies support different understandings, creating and selecting among 

models is a critical practice for scientists (Gentner & Gentner, 1983). For example, Nersessian 

(2017) describes researchers building hybrid systems with living cells and non-living materials to 

mimic vascular and neural processes. Attending to correspondence and salience between these 

representations and the world is critical because scientists must determine an appropriate and 

feasible abstraction of their target phenomenon (correspondence) to address their core research 

questions (salience). Though reducing a model system’s complexity could make a phenomenon 

easier to study, it could also limit the relevance of the model system to the real-world 

phenomenon (reduced correspondence), or it could obscure nuances of the phenomenon that are 

important to the scientific investigation (reduced salience). Therefore, modeling requires that 
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scientists make claims about what is relevant to represent and analyze in relation to the 

phenomena they study (Knorr Cetina, 2009; Latour, 1999). 

Translanguaging practices similarly involve mapping across domains with attention to 

correspondence and salience. When engaging in translanguaging practices like translating, 

students map lexical, syntactic, and semantic knowledge from one language to another in service 

of sensemaking, considering multiple meanings for words and relationships between words 

(Jiménez et al., 2015; Malakoff & Hakuta, 1991). When a word does not map directly from one 

language to another, students achieve fit by using descriptions or synonyms (Jiménez et al., 

2015). To address idiomatic or figurative language, students attempt to capture larger ideas 

within the source language and apply those abstracted ideas to the target language (Tse, 1996; 

Jiménez et al., 2015). For example, Jiménez and colleagues (2015) describe middle school 

students translating from English to Spanish to make sense of a story. When they encountered the 

expression “I’m over my head,” students first translated the phrase as “Estoy arriba di mi 

cabeza,” meaning, “I’m up above my head” (p. 265). After attempting a word-for-word 

translation, the students recognized the phrase as an idiomatic expression. They brainstormed 

metaphors in Spanish with similar context, like “Estoy hasta el tope,” meaning, “I’ve had it up to 

here” or “I can’t take it anymore.” In this way, the students mapped across languages, attending 

to correspondence in terms of literal and figurative meanings. 

When bilingual students translate for others, they determine the meaning of an utterance 

or text and re-represent salient features, attending to what is important to communicate as well as 

audience and register (Canagarajah, 2011, 2013; Daniel and Pacheco, 2016; Tse, 1996). For 

example, Harris and Sherwood (1978, p. 157) describe a daughter translating for her father 

during bargaining sessions. When the father became angry and said, “Digli che é imbecile,” (Tell 
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him he’s a nitwit) the daughter said, “My father won’t accept your offer.” The daughter 

determined that it was important to convey that her father would not accept the bargain. 

Simultaneously, she attended to the cultural context of the interaction by relaying the message 

without insulting the other party. In this case, the daughter re-represented what was salient about 

her father’s communication with sensitivity to register and audience. These examples 

demonstrate that, like scientific modeling practices, everyday translanguaging practices require 

mapping across domains with attention to correspondence and salience. 

Conjectures: Modeling and translanguaging as complementary 

We propose that the structural similarities between modeling and translanguaging could be 

leveraged to position these practices as complementary. Modeling and translanguaging are both 

difficult to support in K-12 contexts. Helping students see these practices as connected could 

contribute to their engagement in both modeling and translanguaging practices.  

Modeling can be challenging for K-12 students, who often prefer literal and complete 

representations to model systems comprising abstract representations with unique affordances for 

understanding phenomena (Blikstein, Fuhrmann, & Salehi, 2016; Schwarz et al., 2012; 

Sengupta, Dickes, & Farris, 2018). Linking modeling to a more familiar everyday practice, like 

translanguaging, could make modeling more accessible to students. Translanguaging practices 

can also be difficult to promote in classrooms. Students can be reluctant to use languages other 

than English in classrooms because they do not see them as part of the academic language valued 

in school or because they are concerned about distancing themselves from monolingual peers 

(Cole et al., 2016). Linking translanguaging to a disciplinary practice, like modeling, could help 

students value languages other than English as resources for reasoning and expression in science.  
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Figure 6. Conjecture map. 

In this study, we explore the potential of linking modeling and translanguaging as 

complementary practices. We use conjecture mapping (Sandoval, 2014) to specify elements of 

our design and how we anticipate they could contribute to desired outcomes. The high-level 

conjecture guiding our work is that integrating scientific modeling practices and everyday 

translanguaging practices could support productive science discourse. As described in the 

theoretical framework, we consider science discourse “productive” when it supports the 

development of scientific knowledge, disciplinary practices, and a scientific community. In light 

of this definition, we conjecture that integrating modeling and translanguaging can contribute to 

productive science discourse by helping students leverage multilingual and multimodal resources 

to: understand complex phenomena, express ideas, and legitimize diverse linguistic and 

representational practices. 

We explore our high-level conjecture in the context of our design by creating 

opportunities for students to: engage in translation as a part of modeling and use language as a 

metaphor for making sense of multimodal models and the phenomena they represent. Drawing 

on the parallels of multimodality and mapping described above, we have identified mediating 
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processes (italicized and elaborated below) that could link syncretic modeling and 

translanguaging practices to outcomes of productive science discourse. These pathways are 

illustrated in our conjecture map (Figure 6). 

We conjecture that translating across modes and languages could help students see 

phenomena from new perspectives, because meaning shifts in translation (Bezemer & Kress, 

2008), and because students’ linguistic resources are connected to unique experiences and 

understandings (e.g., Pacheco & Smith, 2015). These shifts in perspective could help students 

understand complex phenomena (like ecosystems and population dynamics) in increasingly 

nuanced ways as they compare representations of phenomena. The new understandings that arise 

from translation could contribute to legitimizing diverse representational and linguistic resources 

for classroom science discourse. Legitimizing multimodal and multilingual resources could, in 

turn, help students leverage their full representational and linguistic repertoires in science, 

supporting them in building understanding and expressing ideas (e.g., Domínguez, 2010; 

Espinosa & Herrera, 2016; Moschkovich, 2007; 2015; 2018; Razfar, 2013).  

Carefully attending to language could highlight for students that there are some ideas that 

they do not know how to describe with language. Encouraging students to create new language 

or appropriate language to describe these ideas could help students develop new understandings 

of complex phenomena, because naming an idea requires identifying and capturing salient 

features (diSessa, Hammer, Sherin, & Kolpakowski, 1991). Creating and appropriating language 

could also add to students’ repertoires for expressing ideas. As students’ resources for expression 

increase, so do their opportunities for selecting among representations, which could help 

students build understanding as they shift between perspectives of phenomena (Pacheco & 
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Smith, 2015) and consider correspondence and salience between their representations and target 

phenomena (e.g., Gentner & Gentner, 1983; Nersessian, 2017). 

Comparing representations could also help students consider the affordances of 

representations, a practice valued in scientific modeling (Nerssian, 2017) that could contribute to 

students’ capacity for expressing ideas (diSessa et al., 1991). In terms of language, Bialystok and 

Barac (2012) find that bilingual individuals demonstrate increased awareness of the structural 

features of languages. They attribute this difference to bilingual individuals’ frequent need to 

differentiate between several representations of an object or idea as they choose among potential 

translations (Bialystok, Craik, Green, & Gollan, 2009). We conjecture that during modeling 

activities, translating between languages and modes could help students consider the affordances 

of different representations for building understanding and expressing ideas. Specifically, the 

metaphor of modes and models as languages and as speakers in conversation could help students: 

differentiate between modes, model types, and languages; compare the content foregrounded by 

different representations; and consider the affordances of different representations for 

understanding and expression. Recognizing that modes, model types, and languages each have 

unique affordances for understanding and expression could help legitimize diverse languages and 

representations as resources for science. 

Because this design is still evolving, in this paper, we do not focus on evaluating specific 

features of our design. Instead, we use the design as a context in which we explore the promise 

of integrating modeling and translanguaging for supporting productive science discourse. We 

ask, in this context:  

(1) How do students engage in translation as a part of modeling? 
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(2) How do students use language as a metaphor for making sense of multimodal models and the 

phenomena they represent? 

Methods 

Because these data are part of an ongoing design study2 (Cobb et al. 2003, Sandoval, 2014), the 

methods, design, and findings are tightly coupled. In this section, we describe the research 

context and methods of data collection and analysis.  

Research context  

The current study was conducted in a public middle school located in a small suburban school 

district in the southeastern United States in collaboration with a STEM teacher, Ms. S, who was 

in her 26th year of teaching. Ms. S’s 6th grade STEM class participated in the project (20 

students). According to the state report card, 18% of the school’s students qualify for free or 

reduced lunch. The students are culturally and linguistically diverse: 55% of students identify as 

White, 34% as Hispanic or Latino, 7% as Black or African American, and 4% as Asian. In 

addition, 8% are classified as ELs. In Ms. S’s class, five students were classified as ELs, all of 

whom identify as bilingual. 

In the broader population of students classified as EL, there is heterogeneity in terms of 

language background, ethnicity, culture, educational experience, and socioeconomic status. In 

this classroom, all five of the students classified as EL spoke English and Spanish (Carlos, 

Jennifer, Jesús, Luis, and Luna). All five of the students regularly used English in class, four of 

the five (Carlos, Jennifer, Jesús, and Luis) regularly used Spanish during class when speaking to 

bilingual peers. The students expressed different levels of confidence about writing in English 

 
2 Because this study is ongoing, we use present tense to describe our current conjectures, our design, and findings 

that could apply to new contexts. We use past tense to describe evidence for our conjectures and claims, including 

particular episodes that occurred within classroom activities and interviews. 
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and Spanish. Two of the students (Carlos and Luna) said they did not like writing in either 

language; Carlos told Ashlyn during class that he did not like writing because he was not good at 

spelling. The other three students (Jennifer, Jesús, and Luis) wrote in English and Spanish with 

varying degrees of fluidity; for example, Jennifer wrote in either English or Spanish, whereas 

Luis combined English and Spanish words within phrases and sentences. In addition to the 

students classified as EL, one other student, Eli, identified as bilingual. Eli spoke Korean with 

his parents. He shared some Korean terms in whole class discussions; however, to our 

knowledge, he did not speak or write using Korean during modeling activities. Further 

information about these students will be provided in the Findings section to contextualize their 

enactments of modeling and translanguaging practices. 

Ms. S and the first author, Ashlyn codesigned and cotaught the lessons for the project. 

Lessons took place three times a week during the students’ 9-week STEM class for a total of 23 

class sessions (56 minutes each). The unit was designed to support standards from the state and 

standards from the Next Generation Science Standards (see Table 14). 

 

Table 14 

Sequence and Summary of Learning Activities 

 

Aligned Next Generation Science Standards (NGSS) and State Standards 

Next Generation Science Standards 

5-LS1-1. Support an argument that plants get the materials they need for growth chiefly from air 

and water.  

5-LS2-1. Develop a model to describe the movement of matter among plants, animals, 

decomposers, and the environment. 

5-PS3-1. Use models to describe that energy in animals’ food (used for body repair, growth, 

motion, and to maintain body warmth) was once energy from the sun.  

State Standards 

6.LS2-1. Evaluate and communicate the impact of environmental variables on population size. 

6.LS2-2. Determine the impact of competitive, symbiotic, and predatory interactions in an 

ecosystem. 

6.LS2-3. Draw conclusions about the transfer of energy through a food web and energy pyramid 

in an ecosystem. 
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Activity Modes/Models Description 

Day 1: What is a 

biosphere? 

Discussion, text 

Video 
• Watch video about Biosphere2 

• Discuss why biospheres are difficult to 

engineer 

• List variables that could be important to 

survival in a biosphere 

Day 2-3: What do 

plants need to grow 

bigger? 

Diagrammatic 

model 

Discussion, text 

Physical model  

• Design/implement investigation to determine 

materials plants need to grow bigger 

Day 4-6: What is a 

computational model? 

Computational 

model  

Discussion 

Embodied model 

Physical model 

• Compare and contrast biosphere models and 

computational models 

• Create guppy agents in computational model 

• Create embodied programs of guppies 

swimming 

• Program guppies to swim in computational 

model 

Day 7: What do plants 

need to grow bigger? 

Discussion 

Physical model 

 

• Collect data from plant investigation 

• Discuss materials plants need to grow bigger 

Day 8-12: What does a 

biosphere need to 

survive? 

Computational 

model 

Diagrammatic 

model 

Discussion, text 

Physical model 

• Read about carbon dioxide and oxygen cycle 

• Introduce and identify languages-of-modeling 

• Using evidence from plant investigation, 

research, and experience, design sustainable 

closed biosphere to support guppies 

• Build biosphere 

• Represent plants in computational models 

Day 13-15: What do 

guppies need to survive 

in the wild? 

Diagrammatic 

model 

Physical model 

Video 

• Watch video about guppy research in the wild 

• Create diagrammatic model (food web) to 

represent energy pathways in guppies’ 

environments 

• Compare wild guppies and their environment to 

biosphere models 

• Compare food web models in conversations 

orchestrated and brokered by the students 

Day 16-17: How does 

energy flow in an 

ecosystem? 

Computational 

model  

Diagrammatic 

model 

Discussion 

 

• Represent the flow of energy between guppies 

and plants in computational model, drawing on 

diagrammatic energy pathways  

• Create sustainable system within computational 

model 

• Discuss design principles for sustainable 

environment 

Day 18-19: How do 

other animals affect 

guppies? 

Discussion 

Embodied model 
• Enact predator/competitor relationships in 

embodied model 
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Day 20-21: How does 

energy flow in an 

ecosystem? 

Computational 

model 

Discussion 

Physical model 

 

• Add predators and competitors to 

computational model, representing flow of 

energy between organisms  

• Create sustainable system within computational 

model 

• Discuss design principles for sustainable 

environment 

• Predict effect of predators or competitors 

within biosphere models 

Day 22-23: Why do we 

use different models? 

Discussion 

Drawing/image, 

text 

• Represent relationship between and 

affordances/limitations of diagrammatic, 

physical and computational models with 

conversations between models 

 

This study is part of the larger SAIL+CTM project. This iterative design-based study 

serves as vanguard for the larger project, developing and testing principles that could be applied 

in the more formalized SAIL+CTM curriculum. The pilot implementation of this study took 

place during the last quarter of 2018 (see Pierson, Brady, & Clark, 2020). The current paper 

analyzes data from the fourth cycle of the design, which occurred during the third quarter of 

2019, because this cycle focused specifically on integrating modeling and translanguaging. 

All iterations of the design foreground modeling, a practice that affords students 

opportunities to reason and express ideas across multimodal tangible and testable 

representations, facilitating argumentation and explanation (Lehrer & Schauble, 2015). 

Throughout the unit, students were instructed to create diagrammatic, physical, computational, 

and embodied models. These model types were chosen for the broad range of modes they 

integrate, including static and dynamic images, text, code, symbols, physical structures, and 

embodied actions. Although the model types were chosen by Ms. S and Ashlyn, students were 

allowed to choose the modes and languages they used in each of their models. Thus, the design 

offered students opportunities to represent meaning across a range of modes.  

The unit is framed by two challenges: students design a biosphere, a closed-system 
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physical model that includes plants, snails, and guppies (a typical pet fish in the United States), 

and they program a computational model that represents a larger ecosystem of plants, snails, 

guppies, and guppies’ competitors and predators. Throughout the unit, the students gather 

information and re-represent the guppies’ environment with increasing complexity (see Table 1). 

In this iteration of the design, opportunities for translating as a part of modeling and using 

language as a metaphor for modeling were embedded within learning activities. 

Data sources 

Data sources include whole class data and data from six focal students. We collected all student 

work, including sketches, diagrammatic and computational models, and photos of physical 

models. These data sources allowed us to trace the multiple modes, including languages, 

leveraged by students in modeling. In addition, two cameras positioned on opposite sides of the 

classroom captured classroom discourse. We used these videos to trace the ways that students 

engaged in syncretic modeling and translanguaging practices throughout the 9-week unit. 

Focal students were selected with input from the school’s 6th grade teaching team to 

represent a range of backgrounds, academic performance, experience, and engagement. For focal 

students, we used computer screen recordings to more closely follow the ways that these 

individual students engaged in classroom modeling. Each focal student used a laptop running 

Camtasia software, which records students’ screens and creates video and audio recordings of 

students interacting with their computers. We also conducted 25-minute interviews with focal 

students to triangulate data about students’ enactments of classroom practices with their 

experiences during the unit.  

For focal students, we chose three bilingual students classified as EL (Jennifer, Luis, and 

Carlos) and three monolingual students (Nora, Sam, and Alexis). We do not claim that these 
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students’ experiences are representative of all bilingual/EL students or all monolingual students, 

respectively, because we recognize the heterogeneity within both of these groups. Instead, we 

aim to closely follow the way a few bilingual and monolingual students engaged in syncretic 

modeling and translanguaging practices to explore the potential of these practices for supporting 

productive science discourse. In the findings section, we present illustrative examples of these 

practices, and we contextualize these examples by describing the extent to which they are 

representative of classroom practices. Although some of these examples were rare in our data, we 

argue that they demonstrate the promise of integrating modeling and translanguaging. Further 

research is needed to understand how to support such performances more consistently across 

contexts. 

Data analysis 

Our retrospective analysis uses methods of inductive coding and constant-comparative analysis 

(Charmaz, 2006; Strauss & Corbin, 1990). In this study, we analyzed whole class videos as well 

as  focal student Camtasia videos and interviews. Our unit of analysis was mediated actions 

(Norris & Jones, 2005). A mediated action sequence is grouped by what we, as observers, 

identify as a stable goal. When such a goal is identified, we trace backward to what we perceive 

to be its roots in the flow of interaction to identify an analytical starting point. When we note that 

this goal-oriented action has been achieved, altered, or exhausted, we identify an analytical 

ending point. Of course, students have histories and memories that shape their experiences and 

understandings, whereas our interpretations of the data are limited to what is articulated or 

enacted in the video. Therefore, we use interviews with focal students to triangulate our 

interpretations of students’ interactions with the students’ own perspectives of their experiences.  

Some of the codes that we used to describe these episodes were developed a priori, and 
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others emerged through analysis. Initially, our codes were based on the conjecture that 

integrating translanguaging and modeling would expand opportunities for students classified as 

ELs to participate in classroom modeling activities. Whereas science classrooms have 

historically privileged academic English, we conjectured that integrating translanguaging and 

modeling would privilege other languages and modes, inviting students classified as EL to use 

their full linguistic repertoires to participate in modeling activities. To evaluate this conjecture, 

we coded for instances of translanguaging within modeling activities. We conceptualized 

translanguaging broadly, including instances of students using multiple languages or multiple 

modes to create or interpret models. We included instances of students engaging in modeling, as 

well as instances of students reflecting on modeling during whole class discussions, during 

interviews, or while sharing work with peers.  

We grouped syncretic practices into two categories based on our design principles, which 

were established prior to data collection for this iteration of the design study. The first category is 

translating as a part of modeling. This category includes students translating among named and 

invented languages. The second category is using language and conversation as metaphors for 

interpreting multimodal representations. This category includes instances of students describing 

modes and models as languages, interpreting what modes and models say, and describing what 

modes and models could learn from each other. 

To evaluate the outcomes of integrating modeling and translanguaging, we initially 

looked for evidence in terms of students’ perspectives of how translanguaging was changing 

opportunities for participation in classroom modeling activities. More specifically, we identified 

instances of students advocating for translanguaging, arguing against translanguaging, or 

describing translanguaging in a neutral way. We identified these interactions in Camtasia videos 
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and in videos of whole class discussions. Two themes emerged as students advocated for 

translanguaging: translanguaging adds new or different understandings of science, and 

translanguaging could help students (self or others) express ideas about science. When students 

argued against translanguaging, they typically argued that using different languages limited 

participation for monolingual students. In some cases, students expressed a neutral stance toward 

translanguaging, explaining that different modes and languages all showed the same ideas.  

As we analyzed students’ perceptions of translanguaging, we noticed that students were 

not only addressing issues related to equity and participation; they were also addressing 

opportunities for learning. When advocating for translanguaging, students often described 

developing new or different understandings of phenomena. In response, we shifted the way we 

characterized outcomes in our conjectures and codes; rather than looking for expanded 

opportunities for participation, we considered the ways that modeling and translanguaging 

practices might help students learn science, specifically focusing on productive science 

discourse. As described in the Conjectures section above, in this context, we operationalized 

productive science discourse as interactions mediated by representations that helped students: 

understand complex phenomena, express ideas, and legitimize diverse linguistic and 

representational practices. We revised our coding categories to identify these outcomes at the 

level of mediated actions. 

We coded data according to the following criteria. For evidence of increased 

understanding, we identified instances of students articulating new ideas or coordinating 

representations to explain phenomena. For evidence of increased capacity for expression, we 

identified instances of students using modes beyond academic English, including “named” 

languages and invented terms and languages. We also identified instances of students 
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differentiating between modes and model types, comparing content foregrounded in specific 

representations, and articulating affordances of modes or models as abstract representations. For 

evidence of legitimization of diverse representations and languages, we initially identified 

instances of students advocating for translanguaging in service of modeling. However, we also 

identified instances of students arguing against translanguaging. For some students, connecting 

modeling and translanguaging might have raised questions about multilingual practices they had 

not previously considered, and increasing classroom dialogue about multilingual practices could 

enable students to consider the value of language diversity for understanding and expression.  

Findings 

In this section, we explore the potential of integrating modeling and translanguaging for 

supporting productive science discourse. First, we present a broad overview the ways that 

syncretic practices of modeling and translanguaging were enacted in our data. Then, we analyze 

episodes of these practices to understand their potential for contributing to productive science 

discourse. 

Overview of syncretic practices of modeling and translanguaging 

In our data, student engaged in syncretic modeling and translanguaging practices in two ways: 

translating as a part of modeling and using language as a metaphor for modeling. Participation in 

these practices varied across groups and activities. In whole class and Camtasia videos, we 

observed Jennifer, Carlos, Luis, and Jesús translating between English and Spanish during 

modeling. However, we did not find evidence (in models or in videos) of Luna and Eli, the other 

two bilingual students in the class, translating during modeling. This could be because they were 

the only bilingual students in their groups. Whereas Jennifer and Jesús were in the same group, 

and Carlos and Luis were in the same group, Luna was the only Spanish speaker in her group, 
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and Eli was the only Korean speaker in the class. It is possible that translating during modeling is 

more likely when students share linguistic resources; further research is needed to understand 

contexts that support bilingual students in leveraging their full linguistic repertoires. 

Our data also suggest that model types shape the ways students engage in translation. 

During activities that involved writing, like diagrammatic modeling, students shared their 

translations in gallery walks, presentations, and discussions. In contrast, during computational 

and physical modeling activities, students spoke using Spanish, but they did not share 

translations in whole groups settings. In this context, activities that did not involve writing (like 

computational and physical modeling) seemed to limit students’ opportunities to use and share 

multilingual representations. This trend is especially problematic because some bilingual 

students speak, but did not write, using multiple languages. To capitalize on the potential of 

integrating modeling and translanguaging, further research is needed to understand how to help 

students leverage and share multilingual resources more consistently across modeling activities. 

The groups that used Spanish as a part of modeling enacted translation practices in 

different ways. Group 1 delegated a language to each student (Becca chose English, Jennifer 

chose Spanish, Jesús chose computer code – see Figure 7), and they translated each term in their 

model individually. In contrast, in Group 3, Luis and Carlos more fluidly moved between 

Spanish and English.  For example, when Luis added text to his biosphere model (Figure 8), he 

wrote primarily in Spanish, but he switched to English when he did not know a Spanish 

translation for an academic English word that he had learned in class. For example, he wrote, “El 

pes agara su comida de la planta y el algae y oxygeno” (the fish gets its food from the plant and 

the algae and breathes oxygen)3 on his model. Luis’s sentence blends English and Spanish 

 
3 In our data, we preserve students’ spelling and grammar in written text, both in English and in Spanish. 



 
138 

words, and it also blends English and Spanish spellings (e.g., “oxygeno” rather than “oxygen” or 

“oxígeno”), demonstrating his expressive fluidity across languages.  

 

Figure 7. Group 1 (Jennifer, Jesus, Becca) – biosphere plan. 
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Figure 8. Group 3 (Luis, Carlos, Sean) – biosphere plan.  
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Figure 9. (a) “overpopulate” or “spike” – crashing ecosystem, (b) “fluctuate” or “balanciado” – 

stable ecosystem. 

 

Beyond using “named” languages, like English and Spanish, students created and 

appropriated terms and languages to express ideas about ecological phenomena. In some cases, 

shared terms emerged in classroom discourse. For example, in the computational models, 
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students noticed that too much algae could allow the guppies to reproduce rapidly, exceeding the 

system’s carrying capacity (Figure 9a). Several terms emerged: for example, a rapid increase in 

algae or guppies was called a “spike” when observed on the graph, whereas this phenomenon 

was called “overpopulate” when observed in the simulation. These terms recurred in whole class 

and small group discourse throughout the unit, indicating that these terms stabilized to represent 

shared understandings of phenomena. In two cases, students more explicitly created language: 

Becca and Jesús created language that mimicked computer code for their biosphere plan, and Ms. 

S asked students to nominate and vote on a class term to describe a phenomenon in the 

computational models. Although examples of this practice were rare in our data, we argue that 

these examples illustrate the promise of translating as a part of modeling for supporting 

productive science discourse. In addition to translating during modeling, students used language 

and conversation as metaphors for creating and interpreting models. This practice was common 

among both bilingual and monolingual students. During modeling activities, Ms. S asked 

students to identify languages within their models, and during each class period from Day 15 to 

Day 23, Ms. S asked students what at least two of their models might “say to” or “learn from” 

each other. Our data suggest that students took up this stance toward models; in their interviews, 

all six of the focal students identified at least two different “languages” within each of their 

models, and all described how modes within models “talk to” or “learn from” each other.  

In the following sections, we present examples of translating as a part of modeling and 

language as a metaphor for modeling, and we describe how these practices might contribute to 

productive science discourse in a classroom with both bilingual and monolingual students.  
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RQ1: Translating as a part of modeling 

In this context, translating as a part of modeling showed promise for supporting productive 

science discourse, both when students translated between named languages, like English and 

Spanish, and when they translated between invented languages that they created. With the 

examples below, we show how translating as a part of modeling helped students understand 

phenomena, express ideas, and legitimize diverse linguistic resources. 

Translating with “named” languages 

To demonstrate how translating between “named” languages during modeling contributed to 

productive science discourse, we first describe how Jennifer, a bilingual student classified as EL, 

translated during modeling. Jennifer leveraged her own and her peers’ linguistic repertoires as 

well as a tool (Google Translate) to add Spanish terms to her diagrammatic biosphere model 

(Figure 7) and food web model (Figure 10).  

 

Figure 10. Group 1 (Jennifer, Jesus, Becca) – food web model. 
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When creating their biosphere plan, Jennifer’s group (Group 1) decided to delegate a 

language to each student, and Jennifer chose to translate from academic English to Spanish. This 

approach initially seemed to reify the idea of one-to-one correspondence between ideas and 

“correct” linguistic representations. However, “correctness” was problematized as Jennifer 

compared translations and built confidence in her linguistic resources.  

On Day 10, Jennifer used Google Translate to “check” her translations, erasing her own 

translations (for example, “piedras” for rocks) and replacing them with Google’s (“rocas” for 

rocks). There was one exception: Google’s translations for “male guppy” (masculino) and 

“female guppy” (hembra). Jennifer preferred her own translations, “pescado hembra” and 

“pescado hombre.” Jennifer’s critical evaluation of Google’s translations in this case and others 

may have contributed to confidence in her own resources. On Day 15, Jennifer used Google 

Translate for terms she did not know in Spanish, but she did not defer to Google’s translations 

over her own. For example, her translation for “sun” (sol) remained on her poster even after 

Google Translate provided “dom,” an incorrectly inferred abbreviation for “domingo” (Sunday). 

Luis and Carlos also began to use Google to translate academic English terms, otherwise relying 

on their own resources. These examples suggest that comparing and selecting among translations 

can legitimize and add to students’ linguistic resources for expression.  

In addition, our data suggest that translating during modeling can help students develop 

nuanced understandings of complex phenomena as they compare and select among linguistic 

representations. Translating offers students opportunities to attend to correspondence and 

salience, because students’ translations of the same term are context-dependent. For example, 

Jennifer selected different translations to label guppies. In the biosphere plan she used “pescado 

hombre” and “pescado hembra,” but in the food web she used “guppy.” This is likely because the 
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gender of the guppy was significant in the biosphere (a male and female guppy might reproduce), 

but not in the food web, which depicts one guppy. Moreover, in the food web, there were 

multiple types of fish – the more precise term “guppy” was necessary to distinguish the guppy 

from the killifish and cichlid, rather than “pescado.” Jennifer’s translations were therefore 

context-dependent; the terms she chose were linked to the science content she was representing. 

In addition, translation has the potential to enrich and add nuance to students’ 

understanding of science content by helping students see phenomena from new perspectives. In 

their interviews, Luis, Carlos, and Jennifer all said that using different languages changed how 

they thought about ideas. Jennifer’s work went beyond identifying cognates, as is traditionally 

recommended with bilingual students. For example, Jennifer explained how translating enriched 

her understanding of science content, even when she did not know the Spanish translation for an 

English term:  

In English, it’s like “food chain” and you know, like, it has to be connected to something 

because of the word “chain,” and in Spanish you have to think of, like, multiple words to 

describe the food chain because, like, in Spanish there’s not really a word to describe 

food chain, so you have to, like – a sentence will describe a food chain, not just like 

saying two words. 

 

Jennifer was not familiar with a Spanish term for “food chain” (e.g., “trófica” or “cadena 

alimentaria”), possibly because these terms are more common in academic rather than everyday 

settings. Even so, considering how to translate the phrase created an opportunity for Jennifer to 

unpack and explore the meaning of “food chain.” She considered how “chain” connotes 

connection between organisms, facilitated by thinking of “multiple words to describe the food 

chain” in Spanish. Although we did not capitalize on this opportunity, it is possible that 

introducing Spanish terms like “trófica” could also help students learn cognate academic English 

terms (trophic), creating opportunities for bilingual language development as students connect 
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non-English language resources with academic English terms and their roots.  

Throughout the unit, students both legitimized and challenged translating with named 

languages. When translating was introduced as a part of modeling (Day 9), bilingual students 

agreed that languages have unique expressive potential; Eli, Jesús, and Carlos each shared 

examples of foods with names in Korean or Spanish that are difficult to describe in English. Both 

monolingual and bilingual students said that using different languages could make their models 

more accessible to others; on Day 11, Luis described his biosphere plan as helpful “especially if 

there’s people that need Spanish who can’t understand English.” Moreover, in their interviews, 

all of the bilingual focal students said that using Spanish helped them understand their models in 

new ways.  

However, some classroom dialogue challenged language diversity and translating as a 

part of modeling. In Group 3, Sean seemed to feel excluded when Luis and Carlos used Spanish 

in their models. When working on the groups’ biosphere plan on Day 10, Luis initially used 

Spanish and pictures, limiting Sean’s perceived opportunities to contribute to the model. Sean 

said that he “can’t read Spanish” and implied this prevented him from understanding the model: 

Sean: Why did you say algae? 

Luis: ‘cause. 

Sean: You’re pointing to a snail. 

Carlos: Yeah. 

Luis: The snail eats the algae, right? See that’s what I put. ((pointing to “El caracol usa el 

algae y respira oxygeno” – The snail uses algae and breathes oxygen)). 

Sean: Well, I can’t read Spanish! 

 

In this interaction, Sean struggled to make sense of the representation, and he attributed this 

difficulty to the use of Spanish in the model.  

In our data, only two students (Sean and Jasper) challenged the use of Spanish as a part of 
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modeling. Still, it is important to consider the ways that monolingual students might respond to 

multilingual practices, because monolingual students also shape the practices that are valued and 

accepted within the classroom community. Experiences like Sean’s reflect larger societal 

discourses, which prioritize English over other languages. Such experiences could contribute to 

monolingual students’ preferring English-only representations, defining what counts as 

“appropriate” participation in science in relation to dominant interests. It is important to note that 

students classified as ELs may frequently have similar experiences in majority monolingual 

English contexts like school, where academic English is typically prioritized. Although 

challenging language diversity seems to reify the dominant script by supporting English-only 

norms, explicitly acknowledging and questioning linguistic diversity can be a first step to 

destabilizing English-only discourse (Gutiérrez, Rymes, & Larson, 1995). In future iterations of 

this design, we hope to reframe experiences like these as opportunities to help monolingual 

English-speakers better understand the experiences of students classified as ELs, and we hope to 

encourage dialogue that helps students consider the affordances of language diversity as for 

themselves and others.  

Translating with invented languages 

In this classroom, students also created terms to describe phenomena that emerged as important. 

These practices created opportunities for students to understand phenomena, express ideas, and 

legitimize diverse linguistic resources. 

Students’ need for new terms was most evident during computational modeling activities, 

in which students observed common problems and patterns in their computational ecosystems. 

Sometimes, terms for describing these phenomena emerged and spread through the classroom 

organically (for example, “spike” and “overpopulate”, Figure 4a). Because these terms emerged 
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organically and spread slowly, students’ opportunities to reflect on their meaning were limited. 

Ms. S created such an opportunity for students to explicitly reflect on the creation and meaning 

of a class term on Day 17. Shared language had not yet emerged to describe a pattern in the 

computational model’s graph when the ecosystem was relatively stable (see Figure 4b), although 

this phenomenon is central to population dynamics. When asked to describe the pattern, students 

often mimicked the shape of the graph with a hand gesture. For example, Jasper used a gesture to 

describe his graph at the beginning of class on Day 17: 

Ms. S: What do you notice when they’re surviving long term?  

Jasper: Mine have been ((graph gesture)) and up, up, up. Then oxygen and carbon dioxide 

go up and down.  

As this phenomenon became central to students’ discourse, Ms. S asked students to 

nominate English, Spanish, and invented terms to describe the pattern, legitimizing linguistic 

resources beyond academic English. All groups nominated at least one English term, two groups 

presented a Spanish term, and all groups created and justified at least one invented term. For 

example, Eli shared an invented term: “Flectorate. It sounds like fluctuate, and it means the rates 

are changing.” Luis offered English, Spanish, and invented language: “We did fluctuate, 

balanciado, and we also made up a word. It’s from balanced and graph. It’s a balagraph.” These 

examples demonstrate the wealth of linguistic resources that students brought to interpreting and 

describing the pattern. This activity enabled students to draw on their full linguistic repertoires to 

consider what was salient about the pattern, enriching their understanding of the phenomenon. 

Moreover, these terms stabilized a way of interpreting the graphs in the computational model, 

helping students make sense of these canonical representations.   

Although the invented terms were rarely used in class after Day 17, the English and 

Spanish terms appeared in small-group and whole-class discussions. For example, on Day 20, 
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students shared strategies for sustaining complex systems in their computational models. 

Amanda used class terms (balance and fluctuate) to describe what she observed: “If there is 

balance, there will be some spikes, but they aren’t going to go too drastically high or too 

drastically low. And if they do go a little bit up, they go back down. So basically, it fluctuates.” 

As she said “fluctuates,” she used the graph gesture, coordinating multimodal resources created 

and chosen by the students to express an idea about population dynamics.  

In addition to whole group enactments of this practice, one small group created terms 

while modeling. On Day 10, Becca and Jesús created language that mimicked computer code for 

their biosphere plan. Including “code” in the model created an additional opportunity to engage 

in translation as a part of modeling. Broadly framing code as a language allowed Becca, a 

monolingual English speaker, to participate in a form of translanguaging. Whereas Becca’s 

participation in English-Spanish translation was limited, translating to code-language created an 

opportunity for Becca to unpack academic English terms and the ideas they represent, similar to 

how Jennifer unpacked terms like “food chain” as she translated between English and Spanish. 

In addition, translating to code-language offered Becca and Jesús a new way to express ideas, 

legitimizing linguistic resources beyond academic English and destabilizing English-only 

practices for monolingual and bilingual students. 

After seeing Jennifer use Google Translate for Spanish, Becca asked Jennifer to use 

Google to “search up ‘translate in code’” to help Jesús. Jennifer read the results: “Morse code, 

binary code, hex code…” Dissatisfied with these options, Becca and Jesús instead collaborated 

to create code-language: 

Becca: You need to label things in code. So what is the male guppy? 

Jesús: GuppyM. 

Becca: Agent1 right? 
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Jesús: Oh no, AgentM! 

 

Above, Becca and Jesús began creating a system for naming the objects in their invented code-

language. In the process, they classified objects in the biosphere plan into types, and they 

numbered each instance. They used “agent” to describe visible discrete components of the 

biosphere, like guppies and algae. The word “Agent” was followed by a letter that described a 

salient attribute of the agent – either the type of object (“S” for snail) or a more specific attribute 

(“F” for female guppy and “M” for male guppy): 

Becca: This would be AgentF ((points to the female guppy)), AgentS ((points to the 

snail)). 

Jesús: AgentS, water is AgentW. 

Becca: Yeah! 

 

A few components were not considered agents – the jar (“building”) and the types of space 

within the jar (“SpaceO2”): 

Jesús: I don’t know what this aquarium would be called. 

Becca: Is there like a building? Are there, like, buildings in there? 

Jesús: Watch… I’m just going to call it aquarium. 

Becca: No, call it building. You tell me and I’ll write it down, ok? 

 

Classifying components of the biosphere created categories that would not have been evident 

with English or Spanish labels alone. Jennifer, who was not actively involved in creating code-

language, noted this affordance both in her presentation of the biosphere plan in a gallery walk 

and in her interview almost two months later, describing the code-language as “specifying things 

more” than English and Spanish. Thus, creating code-language was an opportunity for students 

to express ideas and develop a precise articulation and understanding of the components of the 

biosphere and how they were related to each other while legitimizing new linguistic resources.  

 



 
150 

RQ1 summary  

These examples demonstrate the potential of translating as a part of modeling for contributing to 

productive science discourse. Our data resonate with research that demonstrates that translating 

reveals complex and nuanced meanings as students generate multiple linguistic representations, 

disrupting the idea that objects or phenomena are matched one-to-one with “correct” academic 

English (e.g., Jiménez et al., 2015; Pacheco & Smith, 2015). In this classroom, translating as a 

part of modeling helped students see phenomena from new perspectives, and it enabled students 

to compare, create, and select among linguistic representations with attention to correspondence 

and salience. In addition to supporting nuanced understandings of ecological phenomena, 

translating as a part of modeling expanded the linguistic resources available to students by 

legitimizing the use of languages beyond English. Even so, in some cases, translating as a part of 

modeling led students to question or challenge the use of languages other than English. As we 

refine our design, we aim to foster an inclusive and pluralistic community that values language 

diversity as a resource for understanding and expression in science.   

RQ2: Language as a metaphor for modeling   

In this section, we illustrate the promise of using language and conversation as metaphors for 

creating and interpreting multimodal models. We show how, in this context, metaphors of 

language and conversation helped students consider the affordances of modes and model types 

for understanding and expression (c.f., Sengupta, Dickes, & Farris, Forthcoming 2020). Putting 

models in conversation also helped students develop increasingly nuanced perspectives of 

ecological phenomena, because different models provided unique perspectives of phenomena. 

Our data suggest that these experiences helped legitimize diverse representations as valuable 

tools for understanding and expression in this classroom. 
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“Language” and “conversation” foreground affordances of modes/models 

Identifying modes is a first step that can later support students in analyzing and selecting among 

modes and models in service of understanding and expression. To help students identify modes, 

we framed modes as languages, capitalizing on parallels between modes and languages: different 

modes (and languages) can be used to express the same idea, but different modes (and 

languages) may have unique affordances for sensemaking and expression. Throughout the unit, 

students were encouraged to identify and share the “languages” used within their models. For 

example, when describing his biosphere plan during the gallery walk on Day 11, Luis said:  

I used English, Spanish, and pictures for languages. Then I have a key over here that uses 

stickers, and that’s for the algae, because I just spread the algae all around. Then you have 

the fish, and you have the yellow stickers and then the fish is right here. And then, we just 

used different languages to describe what they use for energy, what they breathe in. 

In this description, Luis broadly conceptualized languages as including English and Spanish as 

well as visual modes (pictures) and symbolic modes (stickers).  This practice was common; in 

their interviews, all six of the focal students identified languages (modes) that they used during 

modeling, including pictures, graphs, symbols, text, and embodied representations. 

 Identifying modes can provide a foundation for more complex practices. We also 

encouraged students to put modes and models “in conversation,” capitalizing on the analogy of 

conversations to support students in comparing how ideas are represented across modes and 

models. Our data suggest that this lens can help students attend to ways that meaning shifts 

between representations. For example, in his interview Carlos explained how modes “talk to 

each other” within his computational model: 

They talk to each other and combine to each other because if you look at this [the graph] 

it will show all the- the algae went down fast, so did the oxygen, oh but the algae went up 

again because the death of the guppies, and then it shows that the cichlids are almost 

dead, died out, and the clock speaks because if you could tell the model, if you set it up 

again, it starts at 1 and the population is 2 and those speak together because every time 
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they move you could see, “oh, there’s six cichlids, oh there’s six guppies, oh it’s been 

barely 17 or 18, 19 seconds.” 

Using a metaphor of conversation, Carlos coordinated data, attending to several dynamic modes 

to understand complex ecological interactions. He coordinated between two dynamic lines on the 

graph (“the algae went up again because of the death of the guppies”), the simulation (“it shows 

that the cichlids are almost dead”), and information from the clock and data boxes, which “speak 

together” to report the time and the population of each species. In their interviews, all six of the 

focal students described how modes within models “talk to” or “learn from” each other.  

In addition to comparing modes within a single representation, students compared the 

content foregrounded within different models. On Day 15, students imagined putting their 

group’s food web model in conversation with a food web model from another group. Putting 

these models in conversation highlighted the role of representations in shaping understanding, 

because the food web models were grounded in exactly the same data. All six of the groups 

identified unique affordances of their models in relation to their representational choices. For 

example, when Group 3 (Luis, Carlos, and Sean) and Group 6 (Nora, Jane, and Kevin) presented 

their models, they described the different ideas their models foregrounded.  

Nora introduced the models: “This one, ours, is more like an energy pyramid, and it 

shows what is giving off energy, and theirs is more environmental.” Sean unpacked “more 

environmental,” explaining, “here you can see the fish live in the water, and the birds in the sky 

and the tree,” describing how his group’s model foregrounded the relationship between 

organisms and their habitats. By putting their models in conversation, the students were able to 

engage in a challenging modeling practice; they were able to identity the unique ideas 

foregrounded by Group 6’s energy pyramid and Group 3’s environmental representation.   

Framing modes and models as making unique contributions to a conversation positions 



 
153 

models as valuable for their context-dependent affordances, legitimizing diverse representational 

resources. Group 2 (Jasper, Driana, and Luna) and Group 5 (Sam, Alexis, Adam, and Darius) 

demonstrated this perspective when they compared their food web models. Canonically, arrows 

in a food web point from an energy source to the organism(s) acquiring energy. Group 2’s model 

used arrows in this conventional way. In Group 5’s model, arrows instead pointed from an 

organism to what that organism ate. In their presentation, rather than framing one model as 

“more correct” or “better” in an absolute sense, Sam described how each model showed a 

different way of understanding energy transfer: “On ours, it shows what each animal eats, and on 

theirs, it shows what energy it gives off to different animals.”  

Conversations between different model types also helped students consider the 

affordances of representations for understanding and expression. For example, on Day 17, Ms. S 

asked students to compare computational and physical models as they recorded data from their 

biospheres. When a student responded, “we don’t have fish dying in our jars,” Ms. S asked, “why 

can we see fish dying in the computational model, but not in the jar?” Students identified several 

differences between representations: 

Luis: In the computational model we can speed up time. 

Ms. S: What else? 

Luis: You can set reproduction and energy rates. 

Ms. S: Can you do that in your jar? Why would that be important to a scientist? 

Jane: So you can see how much–what a real fish needs.  

By putting these models in conversation, Ms. S created an opportunity for students to reflect on 

the affordances of representations for understanding and expression (for example, computational 

models are good for making predictions because they can “speed up time” and their parameters 

can be adjusted to “see what a real fish needs”).  
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Our data suggest that throughout the unit, students used conversations between models to 

consider the affordances of representations, including during all six of the focal students’ 

interviews. For example, Carlos compared computational and diagrammatic models, identifying 

affordances of these model types:  

So compare this one [computational model] to the piece of paper. So this one helps out 

more because it moves. Paper could help out too because it stays still and you could copy 

it in real life. Then this one [computational model] you usually have to find a way to 

balance it, which is helpful. You can press set up and restart. On the paper, you can’t 

press setup, you would have to erase it, but it’s still really useful.  

Carlos described computational models as dynamic tools that can be used to “balance” a 

population, and he identified a feature that makes computational models uniquely useful for 

inquiry (they can restart), an affordance also valued in professional science (Nersessian, 2017). 

Carlos also described the affordances of a paper (diagrammatic) model as a static tool – it “stays 

still and you can copy it in real life.” Comparing the affordances of representations, like 

computational and diagrammatic models, can inform students’ representational choices in service 

of understanding and expression (e.g., diSessa et al., 1991; Pacheco & Smith, 2015).  

“Conversations” between modes/models offer new perspectives of phenomena 

Our data suggest that putting models in conversation also offered students new perspectives of 

phenomena, helping them understand ecological phenomena in increasingly nuanced ways. For 

example, before creating their biosphere plans, students filled in a worksheet with how each 

organism would obtain energy and either oxygen or carbon dioxide. Then, they represented this 

plan in their diagrammatic biosphere model. Rather than simply representing the same ideas with 

new modes, students recognized new concepts, like space, as important for organisms in their jar. 

When Group 3 (Luis, Carlos, and Sean) created their biosphere plan, drawing the plant in the jar 

raised questions about the size of the plant and the space in the jar. Luis chose a small plant, 
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explaining to Sean that the size of the plant affects space and the balance of oxygen and carbon 

dioxide: “We got a small plant... If we got a big plant, it would give it more oxygen and more 

food, but it would also need more carbon dioxide to survive, and it would have less space.” In 

conversation with their written plan, for this group, the biosphere plan raised questions and led to 

new understandings about space. During the gallery walk, Carlos explained to Nora that space 

could impact survival for guppies: 

When we searched it up it said that it could live two to three years, and then if we would 

have put in two guppies they would both probably die because it said for one guppy to 

live calmly, it would take one liter, and this isn’t enough. 

For three of the six groups, shifting from a written to diagrammatic representation foregrounded 

space. During the gallery walk, Nora put two of these models into conversation, leading to 

changes in her own understanding. While Carlos’s plan included one fish, Jennifer’s plan 

included two: 

Nora: Is there a reason for two fish? 

Jennifer: It said they’re better off living in pairs so we decided to get two to be more at 

home. 

Nora: Yeah I know some groups did one because they said the guppy needs space and 

other groups did two because they need to not be lonely. 

In this interaction, Nora put Carlos and Jennifer’s models into conversation, highlighting the 

potentially contradictory needs of the guppy: space and “to not be lonely.” This led Nora to 

question the number of fish in her own plan. Ultimately, Nora’s group changed their plan to 

include one guppy, revising their plan in conversation with models from other groups.    

Conversations among model types also shaped students’ understanding. For example, for 

some students, embodied models foregrounded new factors, like the location and distribution of 

organisms, that students later used to interpret their computational models. In her interview, 

when asked “what does the embodied model show?” Jennifer responded: 
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In the first one, [algae] were like, kind of more separated. And then in the second one like 

they were all in like a group on one side, and a few algae on this side, and what most of 

the fish did- they all went to that side, so all the algae on this side, like, stayed alive for 

like most of it until all the algae on one side were dying off and the fish had to find food. 

Above, Jennifer described the way the “grouped” or “separated” algae affected the survival of 

the fish in the embodied model, emphasizing the importance of location and distribution. These 

embodied experiences shaped the ways that students later interpreted their computational 

models, in which algae was produced in randomly placed “sunny spots” that could be scattered 

or concentrated. Before participating in the embodied model, students attended to the number of 

sunny spots. Afterward, many students also attended to their location and distribution – a 

relationship that four of the six focal students described in their interviews. In a whole class 

discussion on Day 20 (after the embodied model), Sam explained, “when all the sunny spots are 

spread out, the fish had to spread out farther between them and they ended up dying.” For Sam, 

putting the embodied model in conversation with the computational model foregrounded location 

and distribution as new factors that affected guppies’ survival. 

Throughout the unit, Ms. S created opportunities for students to use models to inform 

each other. In class discussions, she often asked students to compare models of different types. 

She also made models accessible to students throughout the unit; she displayed students’ 

diagrammatic models on the walls, and she allowed students to bring their physical models 

(plants and biospheres) to their tables each day, even when they were working on other tasks. At 

the end of the unit, Ms. S asked students to pick two models from the unit and imagine a 

conversation between them that showed what the models had in common and what they could 

learn from each other. It is possible that Ms. S’s emphasis on conversations between models 

helped students coordinate their models to better understand ecosystems – in their interviews, all 

six of the focal students said that the models from the unit were related to each other, and each of 
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the six students described at least one way that using models together could contribute to a better 

understanding of ecosystems. Further research is needed to understand how teaching practices 

can support students in using diverse representations to understand and express complex ideas. 

RQ2 summary 

In this classroom, using language and conversation as metaphors for modeling supported 

productive science discourse. These metaphors helped students express ideas by guiding them 

engage in abstract modeling practices, including: identifying modes, comparing the content 

foregrounded by representations, and considering the affordances of representations. These 

metaphors could also have helped students take on new perspectives of the phenomena they were 

exploring, contributing to new understandings. Simultaneously, recognizing the unique 

affordances of modes and model types helped students value diversity in representations. 

Discussion 

The findings above elaborate the complex pathways represented in our conjecture map (Figure 

1). In this study, we aimed to create a context that allowed and encouraged syncretic modeling 

and translanguaging practices – specifically, translating as a part of modeling and language as a 

metaphor for modeling. These syncretic practices draw on modeling and translanguaging 

practices to create distinct classroom practices. 

 Translating as a part of modeling invites students to use their linguistic resources in new 

ways. In this classroom, translating as a part of modeling positioned Spanish as a resource for 

science learning. This practice put students’ full linguistic repertoires in contact with the 

disciplinary ideas (e.g., food chains) represented in their models rather than positioning Spanish 

as a language to be used only in small-group or social conversations. Translating to appropriated 

and invented terms offered both monolingual and bilingual students an opportunity to critically 
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examine terms (e.g., flectorate, balanciado) and structural features of language (e.g., code-

language) as models of the phenomena they were representing. As it is enacted in K-12 settings, 

modeling alone does not always invite students to use diverse linguistic representations or 

carefully attend to the ways that language represents ideas. Our data suggest that translating 

during modeling can encourage students to leverage their full linguistic repertoires to build 

nuanced understandings and representations of complex phenomena in science. 

Language and conversation offer students a metaphor for considering the affordances of 

different modes and models. In addition, conversation offers students a metaphor for 

coordinating and thinking across representations. Helping students compare and combine models 

is challenging, particularly when models represent different scales or aspects of a phenomenon 

(Lehrer, Schauble, & Lucas, 2008; Schwarz et al., 2012; Sengupta, Dickes, & Farris, 2018). Our 

data suggest that the metaphors of language and conversation can help students use models 

together to develop understandings about a larger ecological system by drawing on their prior 

social experiences of conversations. 

Our current conjecture map, which has evolved as described in the data analysis section, 

specifies mediating processes through which syncretic modeling and translanguaging practices 

can contribute to outcomes of productive scientific discourse (Figure 1). We argue that these 

practices are syncretic not only in their design, but also in their enactment; each contributes to 

overlapping mediating processes, which have the potential to shape to students’ understandings, 

practices, and values. Furthermore, each outcome has the potential to amplify the others, as 

illustrated in the interweaving arrows in the conjecture map. Legitimizing languages and modes 

beyond academic English invites students to leverage linguistic and representational resources 

they might not otherwise use in a classroom context. Understanding and expressing ideas using 
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these resources can further legitimize these modes as resources in science.  

In addition to identifying and refining these productive pathways, we have also identified 

challenges that suggest revisions to our design. In some cases, our designed activities limited, 

rather than expanded, opportunities for expression for bilingual students. For example, in Group 

3 (Luis, Carlos, and Sean), Sean argued against Spanish because he “can’t read” it. In this study, 

we missed the opportunity to leverage Sean’s feelings of exclusion as a resource to reframe 

translanguaging. We might have drawn on these feelings to help Sean and other monolingual 

students consider the experiences of peers classified as ELs in school, where English is 

prioritized. Helping monolingual students empathize with peers and recognize that 

representations inaccessible to them may have value for others could contribute to a community 

that is more inclusive of language diversity.  

In addition, language diversity could be framed as an opportunity for linguistic 

development for monolingual students. Connecting colloquial Spanish with academic English 

could help students see languages other than English as valuable for learning academic 

vocabulary. For example, “respirar” is a cognate more similar to the academic English 

“respiration” than its colloquial English translation (breathe). It is also possible that allowing 

monolingual students to add new languages to their models using resources like Google 

Translate could help them feel included in translanguaging activities. This type of engagement in 

modeling would not offer the same learning opportunities as translating offers bilingual students, 

because it would not create the same opportunities for mapping across languages with attention 

to correspondence and salience. Still, it could contribute to a more linguistically sensitive 

classroom, potentially challenging the English-only discourse often privileged in school. Further 

research is needed to explore these and other design features that could support productive 
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engagement in syncretic modeling and translanguaging practices. 

Conclusion 

This paper advances theory by describing how a syncretic approach that integrates modeling and 

translanguaging could support productive science discourse in a classroom with bilingual and 

monolingual students. This approach resonates with designs that leverage students’ funds of 

knowledge, practices, and epistemologies to support learning (e.g. Bang & Medin, 2010; 

Hudicort-Barnes, 2003; González, Moll, & Amanti, 2005). Linking modeling and 

translanguaging shows promise for engaging students in disciplinary practices, as is emphasized 

in science education reform (e.g., Duschl, Schweingruber & Shouse, 2007; NGSS Lead States, 

2013; Östman & Wickman, 2014). This approach also has the potential to broaden the practices 

that are valued in science by leveraging bilingual students’ everyday translanguaging practices as 

a part of scientific modeling.  

Our data demonstrate that syncretic modeling and translanguaging could support 

productive science discourse, even in a context where the majority of students are monolingual 

English speakers. In this case, using language as a metaphor for modeling makes forms of 

translanguaging accessible to monolingual students. Our data therefore demonstrate that 

practices that are often marginalized in school can become consequential in a classroom 

community, framing bilingual students’ practices as resources that could be valuable to all 

students (Gutiérrez, 2012; Mitchell, 2013).  

There is still much to learn about designing to support inclusive science practices, particularly in 

linguistically diverse classrooms. Exploring connections between modeling and translanguaging 

is one way to more deeply understand students’ resources for science learning. To realize the 

science-as-practice perspective at the heart of reform, we need to further explore syncretic 
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approaches to cultivate students’ everyday practices as a part of equitable and inclusive 

classroom science practices. 
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