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Abstract
Recent science education reforms, as described in the Framework for K-12 Science Education (NRC, 2012), call for three-
dimensional learning that engages students in scientific practices and the use of scientific lenses to learn science content. 
However, relatively little research at any grade level has focused on how students develop this kind of three-dimensional 
knowledge that includes crosscutting concepts. This paper aims to contribute to a growing knowledge base that describes how 
to engage students in three-dimensional learning by exploring to what extent elementary students represent the crosscutting 
concept systems and system models when engaged in the practice developing and using models as part of an NGSS-aligned 
curriculum unit. This paper answers the questions: How do students represent elements of crosscutting concepts in conceptual 
models of water systems? How do students’ representations of crosscutting concepts change related to different task-based 
scaffolds? To analyze students’ models, we developed and applied a descriptive coding scheme to describe how the students 
illustrated the flow of water. The results show important differences in how students represented system elements across 
models. Findings provide insight for the kinds of support that students might need in order to move towards the development 
of three-dimensional understandings of science content.
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Introduction

Recent science education reforms, as described in the 
Framework for K-12 Science and Education (NRC, 2012), 
represent a fundamental shift in the approach to teaching 

and learning of science and engineering in the USA. The 
Framework describes three dimensions of science and engi-
neering learning: disciplinary core ideas (DCIs), crosscut-
ting concepts (CCCs), and science and engineering practices 
(SEPs). The move towards three dimensions of science and 
engineering education represents a shift from science as par-
ticipation in activities focused on science content towards 
a focus on developing an understanding of the big ideas of 
science (DCIs) through engaging with SEPs and CCCs to 
explain phenomena and solve problems. Cutting across the 
disciplinary core ideas and in support of the SEPs are the 
crosscutting concepts (CCCs), which are a part of develop-
ing a deeper understanding of science content (e.g., Jin & 
Anderson, 2012), and supporting students to develop under-
standings across disciplines (e.g., Opitz et al., 2019).

While disciplinary core ideas and science practices 
have been integrated in a variety of lines of research (e.g., 
Duschl & Osborne, 2002; Krajcik et al., 2008; Lehrer & 
Schauble, 2006; Sampson & Clark, 2009), fewer stud-
ies document student learning across all three dimen-
sions, with explicit attention to the crosscutting concepts  
(Fick, 2018). Some prior research assumes that if 
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all three dimensions are integrated within a curriculum, 
then students will automatically develop a facility with 
all three dimensions, including use of the CCCs (Carlson 
et al., 2013). However, relatively little research at any 
grade level has focused on how students’ use of the three 
dimensions develops which explicitly includes CCCs. 
This paper aims to contribute to a growing knowledge 
base of how to engage students in three-dimensional 
learning by exploring to what extent elementary students 
represent targeted DCIs and CCCs when engaging in 
the SEP of developing conceptual models as part of an 
NGSS-aligned curriculum unit.

Background

The Framework proposes that science and engineering 
learning is three-dimensional in nature. As a part of this 
process, students start with authentic science questions 
and engineering problems and engage in realistic science 
and engineering practices to make sense of the content and 
practices using CCCs. However, the role that the CCCs play 
in this work has been underspecified (Fick & Arias, 2019), 
and the Framework describes the articulated learning prog-
ression as hypothetical because of the lack of research on 
some of the crosscutting concepts. For most DCIs, using 
many if not all SEPs will help a student to unpack how 
the processes work in the context of natural phenomena. 
However, how a CCC interacts with particular DCIs is not 
well described, though examples of the interaction exist 
(National Research Council, 2012). For example, with the 
DCI of water on Earth’s surface processes, one could take 
a systems approach to understand inputs and outputs, or 
a conservation approach to understand that matter cannot 
disappear. Hypothetically, any CCC could be used with 
any DCI to illuminate different aspects of the phenomenon 
under study; however, some of these combinations may 
have more explanatory power (Fick et al., 2019). For exam-
ple, structure and function or cause and effect could help 
explain why water collects in lakes and streams, but those 
CCCs may not help students understand the phenomenon 
as well as energy and matter with systems and system mod- 
els. For every phenomenon, some CCCs may have more 
power to explain particular scientific processes. Therefore, 
both students and teachers alike need support to understand 
which CCCs will help them make sense of a particular phe-
nomenon, how to apply those CCCs, and for what purpose 
are they doing so. However, little research explicates what 
CCCs are best suited for what concepts (National Research 
Council, 2012). This paper aims to address this gap by 
looking specifically at how a specific SEP (modeling) may 
be synergistic with a specific CCC (systems).

Developing Models to Provide Insight into the CCC 
of Systems

This study focuses on the SEP of developing and using 
models and the CCC of systems and system models. 
Developing and using models involve students in creat-
ing representations of how they believe a phenomenon 
works. Sometimes, this process involves the development 
of physical, computational, or conceptual representations 
that include underlying relationships and processes, which 
helps students to develop understanding of the underlying 
phenomenon (Schwarz et al., 2009). In addition, modeling 
can also support students to knowingly revise their under-
standing of science concepts (e.g., Lehrer & Schauble, 
2006; Zangori et al., 2015). For example, developing and 
revising conceptual models can involve students creat-
ing an initial model that shows their prior knowledge and 
ideas for how something works, engaging in activities that 
support their development of new ideas and understand-
ings, then changing their model to represent their revised 
understanding of the concept.

As such, conceptual models can be used to capture both 
students’ understanding of DCIs at particular time points 
as well as capture students’ engagement in the practice of 
modeling. Research examining students’ evolving under-
standing of the practice of modeling shows that students 
often start by focusing on representing what they see at 
the expense of being able to authentically represent the 
processes and relationships that they are observing (Lehrer 
& Schauble, 2006). For example, with water systems, stu-
dents tend to represent water flowing from left to right and 
include familiar objects such as trees or houses. Students 
tend to use the sun and bodies of water to represent water 
processes instead of important system elements for water 
movement, and understandably reason from visible pro-
cesses such as rain falling to the ground and flowing in 
rivers. However, they also often neglect non-visible aspects 
of water such as subsurface flow and assume subsurface 
flow as similar to surface flow (Covitt et al., 2009). With 
support, students at both the elementary and middle school 
levels have been found to be able to revise models to reflect 
deeper understanding of both DCIs and the practice of mod- 
eling (Fick, 2018; Manz, 2012). These findings have 
been particularly well represented in the area of how water 
moves in Earth’s surface processes (e.g., Ben-Zvi Assaraf 
& Orion, 2010; Forbes et al., 2015).

We view engaging in modeling as distinct from the CCC 
of systems and system models. According to the NGSS, 
systems are operationalized to have the following compo-
nents: boundary, inputs, outputs, interactions, and how they 
are nested within larger systems (NGSS Lead States, 2013, 
Appendix G). The CCC of systems and system models is 
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a lens one can use to understand scientific phenomena and 
design engineering solutions. For example, when thinking 
about water systems, one can apply a systems lens to think 
about where to apply boundaries to the system, describe 
the interactions that occur within the system, and to define 
the inputs and the outputs to understand water movement. 
Fully understanding the CCC involves being able to apply 
a systems lens intentionally to different phenomena, as well 
as generalized understanding of systems concepts such as 
boundaries, inputs, and outputs that can be transferred across 
phenomena (Goldstone & Wilensky, 2008).

We see the SEP of modeling as supporting the develop-
ment of a systems lens for understanding scientific phenom-
ena and designing engineering solutions. Students can learn 
about important systems concepts by developing models of  
phenomena. However, the modeling practice itself does 
not inherently involve using the systems CCC. Students 
can engage in modeling a phenomenon but have little to no 
consideration of important systems concepts. For example, 
students can engage in the practice of modeling by draw- 
ing and revising conceptual models of water focused on famil-
iar objects without representing or including explicit discussion 
of boundaries, inputs, or outputs, or interactions among ele- 
ments within the water system.

Examining students’ models using a systems thinking 
lens can reveal implicit information about the nature of 
the students’ understanding of the system under study 
(Ben-Zvi Assaraf & Orion, 2010). Students’ models can 
reveal what aspects of a system or systems concept they 
may not understand. For example, if students do not rep-
resent input components, they may not understand the 
concept of inputs to a system. If students represent input 
components that equal the amount of output components 
in a system, the student may hold and have applied an 
understanding of conservation of matter. If the student 
represents unequal amounts of inputs and outputs, the stu-
dent may not understand or apply a conservation of matter 
lens. Thus, supporting students to help represent their 
knowledge through modeling tasks can provide insight 
into students’ understanding of CCCs.

Understanding and applying systems to make sense of phe-
nomena and solve problems includes the implicit use of other 
CCCs, as was seen in the example above. In that example, 
ensuring consistent inputs and outputs required applying an 
energy and matter lens to attend to the conservation of matter. 
This example shows how simple systems can be accessed using 
other CCCs as well. Some have even argued that there is a hier-
archy to the CCCs with systems being the most prominent and 
other CCCs playing supporting roles in sense-making (Rehmat 
et al., 2019). In their research developing a learning progres-
sion about carbon cycling, Jin and Anderson (2012) found that 
those participants with the deepest levels of understanding used 
a conservation of matter lens for making sense of the system.

Scaffolding Elementary Students to Develop 
Models

Several studies have investigated how to support students’ 
engagement in modeling practices (e.g., Forbes et al., 
2015; Lehrer & Schauble, 2006; Manz, 2015; Schwarz 
et al., 2009). Based in research of other practices, this 
kind of support, or scaffolding, can take many forms, 
including framing the  activities (e.g., González-Howard 
& McNeill, 2019), teachers’ use of questions to support 
students’ knowledge construction (e.g., Chin, 2007), or 
curricular supports that break down the science practice 
into manageable chunks for students (e.g., McNeill & 
Krajcik, 2008).

However, relatively little research has addressed support-
ing elementary students in modeling (Baek et al., 2011).  
In studies that do focus on elementary students, research 
points to the importance of helping students develop concep-
tual models (Baumfalk et al., 2019). For example, Zangori  
et al. (2015) investigated how providing background con-
text and the task prompt can affect the development of 
elementary students’ models. In the unscaffolded condi-
tion, students were given an empty box and a very general 
prompt to “draw a model of what you think happens to 
rain after it hits the ground.” In the scaffolded condition, 
the students started with a background of trees, clouds, 
a house, and a lake and were prompted more specifically 
to “draw the most important things that happen to rain.” 
Students in the scaffolded condition represented and con-
nected more processes than those in the unscaffolded condi-
tion; however, students in the unscaffolded condition were 
able to identify causal mechanisms in later model-based 
explanations. The study highlights the importance for task 
scaffolds and prompts for elementary students to engage in  
developing models.

Supporting Elementary Students to Understand 
Systems

Research has investigated helping students understand 
complex systems in elementary settings. Studies suggest 
that students need support and framing of systems con-
cepts (Yoon et al., 2018). For example, many studies use 
a structure-behavior-function framework to help elemen-
tary students understand components and processes of 
biological systems (Hmelo et al., 2000). Other studies 
consider a system a collection of parts that make up a 
whole that has a larger function of its own where the 
interactions between the parts and their feedback loops 
define the function of the system (Ben-Zvi Assaraf & 
Orion, 2005). These two approaches are different from 
the description in the NGSS which focuses on inputs, 
outputs, the boundary, interactions with the system and 
the nesting of systems within one another (NGSS Lead 
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States, 2013). However, few studies have explored how to 
concurrently support elementary students’ understanding 
of the systems CCC and the SEP of modeling (Zangori 
& Forbes, 2015).

Research Questions

Because of the potential for the under researched relationship 
between the systems CCC and SEP of modeling to support 
student learning, this study focuses on how elementary 
students represent CCC concepts during the development of 
conceptual models in an online learning environment. Due to 
studies demonstrating the importance of task-based scaffolds 
in elementary settings (Zangori et al., 2015), we also explore 
how students’ representations of key CCC concepts change 
as a result of different scaffolding contexts. In particular, this 
paper addresses the following research questions:

1.	 How do students’ technology-enhanced conceptual 
models of water systems indicate understanding of the 
system and conservation of matter within that system?

2.	 How do students’ representations of the CCC elements 
and concepts change related to different technology-
enhanced task-based scaffolds?

Methods

Curricular Context

We examined student work within a 5-week curricular unit 
that engaged students to design a playground to withstand 
flooding facilitated through an online learning environment. 
The curricular unit was developed over a 6-month period 
through a collaboration of researchers, a district STEM coor-
dinator, and one upper elementary teacher to align with a set 
of NGSS performance expectations (5-ESS3-1, 3-5ETS1-
1, 3-5ETS1-2). Students were challenged to design a play-
ground to reduce the amount of accumulated water after 
heavy rainfall, focusing on supporting students to engineer 
solutions to human impacts on earth systems. The project 
specifically targeted the SEP of developing models in the 
context of both science inquiry and engineering design while 
applying the CCC of systems thinking (for more informa-
tion on curriculum design, see Chui, 2019). The project 
used the Web-based Inquiry Science Environment (WISE; 
Slotta & Linn, 2009) to support and facilitate student inquiry 
throughout the project and the Collaborative, Computational 
STEM (C2STEM) environment (Hutchins et al., 2020) to 
test design solutions based on their conceptual models.

Students were given criteria for the design of their play-
ground, which included choosing surfaces for particular pur- 
poses including a playground, a basketball court, and a field; 

making the playground accessible for physically disabled stu-
dents; accumulating less than 0.5 inches of rain in a 1.2 inch 
rainfall storm; and an overall maximum budget of $200,000. 
Throughout the unit students engaged in activities to support 
their understanding, including physical experiments where 
students investigated the interactions of water with different 
surface materials. Physical experiments aimed to help stu-
dents examine what happens to water after it hits the Earth’s 
surface, what happens to water with various intensities of 
rainfall, and how different surface materials absorb different 
amounts of water. After they engaged in each of these three 
activities, students were asked to develop conceptual models 
showing their understanding of how the water flows. These 
conceptual modeling activities at three distinct timepoints 
were intended to support students to synthesize their under-
standings to support and inform their design solutions.

Three types of electronic task-based scaffolds were used 
in the modeling activities (Table 1): (1) in the first modeling 
activity, students were given three dashed line boxes labeled as 
“rainfall,” “runoff,” and “absorption,” that they were instructed 
to add arrows to in order to show where the water was flow-
ing. Within the learning environment, students were provided 
with digital stamps that represented arrows of various sizes 
that they could use to show the flow of water. The dashed line 
boxes with their labels were intended to illustrate where stu-
dents could place arrows to represent rainfall, surface runoff, 
and absorption to groundwater. These boxes were not included 
in the second and third modeling activities so that students 
would need to intentionally include appropriate arrows, rather 
than feeling compelled to place an arrow in every box. As 
such, students’ responses to the second and third modeling 
activities capture students’ own ideas about which arrows are 
necessary to model each phenomenon. (2) In the second and 
third modeling activities, students were supported to attend 
to differences in the amount of rainfall and differences in the 
surface material, respectively. These differences in framing of 
the activity were intended to support students to represent how 
the system would be affected by changing inputs, and how the 
system would be affected by changing surface interactions. 
Finally, (3) the third modeling activity changed the appear-
ance of the surface material in the background of the model, 
scaffolding students to realize that one was grass (green) and 
concrete (gray) which were also labeled.

Participants

One 5th grade teacher (N = 123 students) and two 6th grade 
teachers (N = 274 students) implemented the unit over a 
5-week period. The 5th grade teacher worked together with 
the research team to develop the curricular materials, and all 
three teachers worked together to plan the implementation 
of the curriculum materials. The online interface was devel-
oped to provide all information necessary for students to 
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complete the curriculum within the WISE learning environ-
ment, and teachers largely adhered to the unit as designed in 
WISE. Therefore, all three teachers implemented the same 
project in WISE. Each day, the teachers led an opening class 
discussion, set daily goals for learning activities, and pro-
vided targeted whole-class instruction as needed. The teach-
ers supported the students during the project by checking in 
with individual students or student groups, helping students 
to work through activities or discuss content. Teachers also 
facilitated hands-on investigations with surface materials 
and runoff that occurred during the unit.

This paper includes the data from the 381 user accounts in 
WISE across all three teachers. The upper elementary school 
where the curriculum was implemented is in a district where 
42% of students were white, 31% Black, and 13% Latinx; 
44% of students received free or reduced lunch; and 14% of 
students were emerging bilinguals with 51 languages spoken. 
Some students worked individually in the WISE learning 
environment, while some worked in pairs, but each student 
had their own device and groups worked at their own pace on 
the project. All activities were completed during class time.

Data Sources

All of the students’ work was collected within the online 
environment. Three assignments that were part of the unit 

included the development of conceptual models in WISE. 
Each model provided students with a simple landscape 
image to use as a background. Students then added arrows 
to represent the flow of water. For each of the models, the 
prompt supported students to create representations of the 
amount of water in different scenarios. Because students 
worked at their own pace, some students did not complete all 
of the models. Approximately half (n = 179) of the students 
completed all 5 models, while 18 students did not complete 
any of the 5 models.

Analysis Methods

Since students were not explicitly prompted to attend to the 
relationship between the quantities of rainfall, runoff, and 
absorption represented in the modeling activities (Table 1), 
we applied a post hoc analytical lens to see how students 
used the crosscutting concepts in their models (Ben-Zvi 
Assaraf & Orion, 2010). As a part of this analysis, we looked 
for evidence of students’ use of systems and their attention 
to the conservation of matter within the system. Both of 
these concepts were important foundations for developing 
engineering design solutions to the water runoff problem 
that framed the unit.

To understand student representations of the water 
system, both a systems and a conservation of matter 

Table 1   The model prompt and model background for each modeling activity
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lens were used. The system was considered to be rainfall 
within a given area and what happened to that rain after 
it fell. Since the unit was focused on short-term runoff 
and f looding problems, the time frame of analysis 
was immediately after the rainfall, and students were 
focused on describing where the inputs (rainfall) went 
immediately after the rain fell (absorption and/or runoff). 
Another important component of this explanation is that 
the total amount of water is conserved (conservation 
of matter), so there should not be more runoff or water 
absorbed than the total amount of rainfall.

A descriptive coding scheme was generated to describe 
how the students used arrows in the conceptual model to illus-
trate the flow of water in the system. The codes captured the 
presence of each component (rainfall, runoff, and absorption), 
the direction of each water flow represented and the relative 
amounts of water flowing. Which component (rainfall, runoff, 
or absorption) an arrow represented was determined by the 
location and direction of the arrow. Arrows above the surface 
aimed down were considered rainfall, arrows below the sur-
face aimed primarily downward were considered absorption, 

and arrows aimed along the surface were considered runoff. 
Some models included arrows that did not fit any of these 
categories (for example, an arrow above the surface that aims 
toward the sky, likely indicating evaporation) and were not 
included as one of the three components. Models were also 
coded for how much water the students showed flowing into 
the system as rain (inputs) as compared with out of the system 
as runoff or absorption (outputs). The codes that were used 
are listed in Table 2. Blank models were counted as “no water 
represented.”

In general, coders considered two small arrows to be equal 
to one medium arrow and two medium arrows to be equal to 
one large arrow (Fig. 1). This formula was applied to models 
in order to compare amounts of water when different sized 
arrows were used. Three researchers coded the models (coders 
A, B, and C). Twenty percent of the models were coded by all 
three, with a percent agreement of 92% between A and B and 
95% between A and C and Cohen’s kappa of 0.76 for A and B 
and 0.88 for A and C, which are considered acceptable. The 
remaining 80% of the models were coded by B and C, with 
most of the coding being done by coder C.

Table 2   Codebook used to analyze student models

Which models were coded Codes applied Descriptive codes

All 5 models Intensity Represented # of arrows
Thickness/size
No intensity

Amount of Runoff vs Rainfall More Runoff
More Rainfall
Approx. Equal

Amount of Absorption vs Rainfall More Absorption
More Rainfall
Approx. Equal

Amount of Absorption vs Runoff More Absorption
More Runoff
Approx. Equal

Amount of Rainfall vs. Absorb + Runoff Rainfall More than Absorb + Runoff
Rainfall Less than Absorb + Runoff
Rainfall Equals Absorb + Runoff

High/low intensity models Differences in Intensity High Low Equal Rainfall
Low More Rainfall
High More Rainfall

Grass/concrete surface models Differences in Surface Grass More Rainfall
Concrete More Rainfall
Grass Concrete Equal Rainfall
Grass More Runoff
Concrete More Runoff
Grass Concrete Equal Runoff
Grass More Absorb
Concrete More Absorb
Grass Concrete Equal Absorb
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For each model, the descriptive codes from Table 2 were 
applied to capture the presence and location of the arrows 
within the model and the proportion of the arrows that were 
representing each of the components of the water flow (rainfall, 
runoff, and absorption). Each of these codes was converted 
into a number representative of the categorical code in order to 
be able to calculate the proportion of students who represented 
different patterns of relationships within their models.

This analysis of the representativeness and patterns illus-
trated by the codes was conducted using SPSS. Frequencies 
were calculated for inclusion of different combinations of ele-
ments (rainfall, runoff, and absorption) in the models, for the 
representation of different proportions of different elements in 
the models, and for the completion of different combinations 
of the five models. The analysis was not intended to show 
changes in individual students’ understanding since the con-
ceptual modeling activities had different prompts throughout 
the unit. Instead, the analysis aimed to reveal patterns in how 
students represented CCC inputs and outputs in their concep-
tual models and how text-based scaffolds might affect what 
students represent.

Findings

Research Question 1: How Do Students’ 
Technology‑Enhanced Conceptual Models of Water 
Systems Indicate Understanding of the System 
and Conservation of Matter Within that System?

Description of the Components of Models

Overall, of the 179 students who completed all five models, 
only 18 students represented all three of the components 
necessary to explain the problem (rainfall, absorption, and 
runoff) in all 5 models (Fig. 2). Figure 2 also shows the dif-
ferences in which components students represented across the 
five models that made up the three modeling activities. In the 
activity 1 model, students were most likely to represent all 
three components (rainfall, runoff, and absorption). Students 

were provided with specific scaffolding in Activity 1 in the 
form of boxes for all three components (Table 1). In activities 
2 and 3, students were much less likely to represent all three 
components, and more likely to represent two of the three 
components, which two varied corresponding to the situa-
tion presented. Examples of student work from activity 2 are 
included in Fig. 3. Students’ models frequently included only 
a comparison of rainfall (student L) or only rainfall and run-
off (student M). Activity 2 prompted students to compare the 
amount of absorption and runoff in high and low rain intensity 
situations (Table 2). In activity 3, when students were compar-
ing concrete to grass, students were more likely to represent 
all three components in the grass surface model than in the 
concrete surface model (examples to follow). In the concrete 
surface, students were more likely to represent rainfall and 
runoff and leave out absorption.

Description of the Relationships Between the Components 
of the Models

Student models inconsistently represented the com-
ponents of the system (inputs and outputs) when they 
showed the movement of water. Figure 4 shows the rela-
tionship of inputs to outputs represented in the students’ 
models, the amount of rainfall (inputs) as compared with 
absorption and runoff (outputs) in their models over 
time. In each model, some students seemed to represent 
the conservation of matter in their models by indicating 
an approximately equal amount of water flowing into 
the system (rainfall) as water flowing through the sys-
tem (combined absorption and runoff; activity 1 = 44; 
activity 2 high = 41, low = 52; activity 3 grass = 32, 
concrete = 39). How students represented conservation 
varied, with some students representing a few arrows 
and others representing many arrows, but in each case, 
an approximately equivalent amount of water as inputs 
and outputs.

A larger proportion of students did not represent con- 
servation in their models, with the amount of rainfall 

Fig. 1   Comparison of the move-
ment of water on grass (a) with 
concrete (b) by student A
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being either greater than or less than the combined 
amount absorbed and runoff. Across the models, only 
one student maintained a consistent amount of water as 

inputs and outputs in all five of the models. A total of 
241 students did not represent conservation of matter in 
any models.

Fig. 2   Students’ inclusion 
of rainfall, absorption, and 
runoff in their models over 
time. Models that included two 
components are represented by 
shades of blue, models with one 
component are represented in 
shades of green

Fig. 3   Examples of high inten-
sity rain (left) and low intensity 
rain (right) student models in 
activity 2
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Research Question 2: How Do Students’ 
Representations of CCC Elements and Concepts 
Change Related to Different Technology‑Enhanced 
Task‑Based Scaffolds?

Most students showed rainfall, runoff, and absorption in 
the first modeling task which had the most scaffolding, 
but that number dropped off for the other tasks which had 
less scaffolding. Students’ inclusion of all three elements 
in activity 1 is not surprising, given the heavily scaffolded 
representation of where to place the arrows showing the 
movement of water (Fig. 5). Following the initial model, 
students were not provided with the dashed lines showing 
where to put the arrows, or the labels for what the arrows 
represented.

Comparison in the Amount of Rainfall

For activity 2, many students did seem to show a comparison 
between the high intensity and low intensity rainfall models. 

Students generally showed more water in the high intensity 
rainfall scenario than in the low intensity rainfall scenario 
(n = 230), though some students did show an equal amount 
of water (n = 16), or less water in the high intensity rain-
fall (n = 14). The most common patterns (all rainfall; rain 
and runoff; rain, runoff, and absorption) are represented in 
Fig. 6.

For activity 3, students were comparing surface materials. 
An explanatory system model should show an equal amount 
of rainfall on both the grass and the concrete surfaces in order 
to explain that runoff differences are a result of different sur-
face materials. However, students did not always represent 
equal amounts of rainfall. Some students (n = 79) represented 
an equal amount of rain on both the concrete and grass models 
(Fig. 1). More often, students represented more rainfall on 
one model than the other (n = 128). Approximately half of 
these students represented the grass model with more rain-
fall (n = 65), while the other half showed the concrete model 
with more rainfall (n = 63) (Fig. 7). This result suggests that 
while students may not actually believe more rain falls on 
either grass or concrete, they may not have been thinking of 
the importance of having equal amounts of inputs to create 
models that can be meaningfully compared.

Absorption and Runoff with Different Surfaces

Most students (n = 175) who represented runoff in their 
activity 3 models showed the concrete model having more 
runoff than the grass model (e.g., Fig. 7). This feature 
reflects students’ understanding of the impact of the per-
meability of a concrete surface relative to a grass surface. 
More students omitted absorption into concrete (n = 119) 
than omitted absorption into grass (n = 43). This difference 
suggests that students either did not know concrete absorbs 
water or believed the absorption to be negligible. Many stu-
dents made the analogous modeling decision to omit runoff 
on the grass surface (n = 53) more frequently than on the 
concrete surface (n = 6). However, most students (n = 142) 

Fig. 4   Students’ representation 
of the proportions of water as 
rainfall (inputs) as compared 
with absorption and runoff (out-
puts) in their models over time

Fig. 5   Representation of water in the initial model by student K
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who represented absorption in their models showed the 
grass model having more absorption than the concrete 
model, including students who neglected to represent any 
absorption at all in their concrete model (Fig. 8).

Discussion

Representation of CCCs in Students’ Models

The findings illustrate that elementary students were able 
to represent elements of the CCC systems, such as inputs 
and outputs, in their development of conceptual models of 
water systems. Some elementary students were also able 
to represent conservation of matter within their models, 
without explicit prompting to do so. Results suggest that 
students engaged in conceptual modeling within instruc-
tion that places a strong emphasis on understanding the 
underlying relationships and phenomenon can result in 
students displaying understanding of the systems CCC. 
However, results also demonstrate that students were 
largely inconsistent in their use of inputs and outputs or 
conservation across the three activity contexts. Only one 
student consistently conserved matter across all models.

The findings revealed which CCCs students seemed to  
attend to when use of the CCCs of systems or conserva-
tion of matter were required for a complete representa-
tion of understanding. Most students appeared to include  
attention to inputs and outputs, though the students in this  
study were not explicitly taught how or why to use the 
crosscutting concept for representing their thinking. How- 
ever, students in the curriculum unit did engage in reading  
science briefs that discussed inputs and outputs in terms 
of rainfall, absorption, and runoff; students engaged in 
hands-on investigations where they varied the amount of  
rainfall and explored differences in absorption and runoff  
for different materials; and students used computational 
models to compare their experimental results to simulated  
results. Despite the curriculum unit not explicitly teach-
ing about systems terms of inputs and outputs, students 
included these ideas in their models as there was ample 
focus on the scientific ideas and concepts throughout the  
unit. That some students were able to represent these sys-
tems components reveals that students at this level are  
capable of making these connections, but that additional 
scaffolding is needed to support all students to attend to 
the systems inputs and outputs when representing science  
concepts.

Fig. 6   Differences in elements represented in high intensity rain model (left = rain, student L; middle = rain and runoff, student M; right = rain, 
runoff, and absorption, student K)

Fig. 7   Comparison of the 
movement of water on grass 
(left) with concrete (right) by 
student N
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Some student models seemed to conserve the amount 
of water coming into and leaving the system. Only one 
student appeared to consistently do so, making it a comp-
onent of the deepest level of understanding about the sys-
tem. Within the curricular unit, there was not any explicit  
discussion of conservation of matter. However, students 
conducted physical investigations where they could 
observe that the total amount of water was conserved. 
For example, in the first hands-on investigation, students  
recorded the total amount of water for low intensity rain- 
fall versus high intensity rainfall across a certain time 
duration. Although it was not explicitly supported within 
the instructional materials, students could observe that the  
total amount of rainfall was conserved. Findings illustrate 
that there is naturally a strong connection among systems 
thinking of inputs and outputs, and the need to conserve 
matter going into and out of the system, consistent with 
Jin and Anderson’s (2012) situation of conservation of 
matter with the deepest level of understanding of carbon 
cycles. These findings suggest that students need explicit 
support to attend to the conservation of equal inputs and 
outputs in a system. In both cases, integrating the CCCs 
of conservation of matter and systems with the SEP of 
developing models seems to be a fruitful starting point 
towards three-dimensional learning. Supporting students 
to attend to what is going into and what is coming out of 
the models could be one simple scaffold to productively 

build students’ attention to both conservation of matter 
and systems thinking in this context and for other related 
concepts.

Task‑Based Model Scaffolds and Representation 
of CCCs

The findings indicate that the task-based scaffolds played a 
large role to support students to represent CCC elements. 
Within the context of these computer-facilitated tasks, the 
scaffolds included a background image which provides a 
surface and context, the representation of specific surface 
materials (grass and concrete) in certain activities, the 
presence of dashed boxes in which to represent arrows in 
activity 1, and the inclusion of different sized arrow stamps 
colored blue to use to represent different amounts of water 
flow. Some of these scaffolds were included to simplify the 
amount of time required to represent water flow (the arrow 
stamps), while others were intended to support students to 
show water flowing through different areas (the surface and 
surface materials). The findings indicate that some of the 
scaffolds might have helped students, while others may have 
hindered their representations.

Across all the activities, students largely attended to the 
most salient aspects of the specific prompt. The labeled boxes 
in the activity 1 prompt scaffolded students to include all three 
parts of the runoff process (rainfall, runoff, and absorption), 

Fig. 8   Example student models 
of the relative amounts of runoff 
and absorption in grass and 
concrete surfaces
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which resulted in a high number of students representing all 
three elements. However, once the scaffolds were removed, 
only around a third of the students represented all three ele-
ments in their models. Across the high and low intensity rain-
fall model and the grass and concrete surface models, many 
students only represented the aspects that were referenced 
in the title of the model. When considering the high vs low 
intensity rainfall, students were more likely to leave out the 
outputs of the model, and only represent the differences in 
inputs. Similarly, students were likely to leave off absorption 
in the concrete surface model, and runoff in the grass surface 
model. These trends suggest that students might have been 
more likely to attend to what they saw to be the most relevant 
components and leave out the other factors of the system. 
These modeling decisions could reflect some students’ efforts 
to be parsimonious by omitting factors that are negligible or 
that do not explain differences in the scenarios presented.

Although the emphasis in the curricular activities supported 
students to understand the relationship among rainfall intensity 
and duration on water runoff, as well as the effect of different 
surface materials on water runoff with clear numerical values 
of outputs, students still largely focused on the salient differ-
ences among the inputs in their conceptual models. Students 
also appeared to prioritize these differences over the concept of 
conservation. Across all three activities the prompts to develop 
their models changed, which was intended to spur attention 
to the comparisons being highlighted, but the patterns in stu-
dents’ responses reveal that scaffolds for attending to those 
comparisons may not have been sufficient to help students 
generalize their understanding to a subsequent model. While 
the arrow stamps might have facilitated students’ modeling of 
the water flow, it is possible that use of the same size arrow 
across types of water was one of the reasons that students did 
not represent the conservation of matter. In order to represent 
different amounts of water, students had to pick different sized 
stamps or resize their arrows to show less water. It is unclear 
whether students would have been more likely to attend to this 
factor if required to represent the arrows themselves.

The scaffolds provided for the modeling activity were 
intended to help students develop understanding of the Earth 
Science DCI while engaging in the practice of developing 
models, building on studies such as Zangori and colleagues 
(2015). However, similar to Zangori and colleagues’ finding 
that students’ reasoning may have been impacted by their 
scaffolding, the scaffolds in this study may have narrowed 
students’ focus within the models to respond to the specific 
prompts, causing them to prioritize material behavior over 
conservation. For some students, the condition prompted by 
the task and the background seemed to be what they focused 
on in the model, failing to include other relevant information 
such as where the rain goes after it falls in the rain intensity 
question, or multiple destinations for the water in the surface 
material prompt. Future work can investigate the effect of 

general versus specific prompts (e.g., Davis & Linn, 2000) 
or different ways of fading (e.g., McNeill et al., 2006) to help 
students develop understanding of CCCs within modeling 
contexts.

Limitations

The models that students developed during the unit did 
not have the same prompt throughout, so the findings can-
not be interpreted as changing understanding or student 
learning during the unit. They only represent what students 
chose to represent in their models at particular time points. 
Additionally, the students did not write or orally describe 
what they were representing in their models, so the coding 
that was conducted was based on consistent application of 
rules for interpreting what the students were likely to rep-
resent, with a focus on the main ideas developed during the 
unit. We had to do some interpretation of what the students 
were most likely to have meant and what they did and did 
not intend to show. We did not have a way of triangulat-
ing (Patton, 2002) to ensure an accurate interpretation of 
the students’ ideas. However, results provide insight into 
the kinds of CCCs that students may or may not use when 
engaged in modeling (e.g., Zangori et al., 2015).

Implications

What Does Scaffolding for Systems 
and Conservation CCCs Look Like?

These findings reveal some promising areas for scaffold-
ing to support students’ understanding and use of CCCs in 
their modeling. First, students were well supported by the 
dashed boxes to include absorption, runoff, and rainfall in 
the first model. These scaffolds helped students include both 
the inputs and outputs that were the subject of the curricular 
unit, representing a very simple system. The results indi-
cate that this scaffold may have been faded too early, and 
that students would have benefited from a version of this 
scaffold and additional scaffolds throughout the unit. Thus, 
results suggest explicit scaffolding of the CCCs is important 
for students to understand and use systems CCCs. Another 
implicit part of this work is ensuring that the simple system 
has equivalent inputs and outputs (conservation of matter). 
This was an area of inconsistent success for most students 
in the study. The struggles that students had representing 
conservation of matter through having equivalent amounts 
of inputs and outputs seems to be another area that needs to 
be explicitly supported as a part of the classroom instruc-
tion. Students in this unit were not taught to explicitly attend 
to the amount of water that serves as an input as compared 
with outputs, meaning that they were unlikely to be able to 
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represent the proportion of the rain that they expected to 
travel to particular locations. These findings argue against a 
common assumption that simply supporting students to use 
the CCCs will help them understand the CCCs (e.g., Krajcik 
et al., 2014). A similar shift has taken place in the field’s 
thinking about the use of science practices, moving away 
from simply having students do science towards understating 
how and why they are employing the practices (González-
Howard & McNeill, 2019; McNeill, 2009). Similarly, scaf-
folding is needed to support students to learn both how and 
why to use the CCCs to make sense of the science ideas.

These findings have implications for curriculum devel-
opment and instruction that supports students to develop 
three-dimensional science understandings. Explicit supports 
and scaffolds need to be incorporated into these materials 
to help students understand how and why to use the CCCs. 
Only a small proportion of students seem to inherently 
attend to these aspects of the science understanding, where 
more students possibly could be supported to integrate these 
lenses into both their interpretation and representation of 
science concepts and practices.
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