
RESEARCH Open Access

Supporting the development of scientific
understanding when constructing an
evolving explanation
Ann M. Novak1* and David F. Treagust2

Abstract

We explore how students developed an integrated understanding of scientific ideas and how they applied their
understandings in new situations. We examine the incremental development of 7th grade students’ scientific ideas
across four iterations of a scientific explanation related to a freshwater system. We demonstrate that knowing how
to make use of scientific ideas to explain phenomena needs to be learned just as developing integrated
understanding of scientific ideas needs to be learned. Students participated in an open-ended, long-term project-
based learning unit, constructing one explanation over time to address, “How healthy is our stream for freshwater
organisms and how do our actions on land potentially impact the water quality of the stream?” The explanation
developed over several weeks as new data were collected and analyzed. Students discussed evidence by revisiting
scientific ideas and including new scientific ideas. This research investigates two questions: (1) As students engage
in writing a scientific explanation over time, to what extent do they develop integrated understanding of
appropriate scientific ideas? and (2) When writing about new evidence, do these earlier experiences of writing
explanations enable students to make use of new scientific ideas in more sophisticated ways? In other words, do
earlier experiences allow students to know how to make use of their ideas in these new situations? The results
indicated statistically significant effects. Through various iterations of the explanation students included richer
discussion using appropriate scientific ideas. Students were also able to make better use of new knowledge in new
situations.

Introduction
As students explore a phenomenon, they need to gather
evidence and use scientific ideas and reasoning to help
them figure out and make sense of that phenomenon.
One way to explain that phenomenon is by constructing a
scientific explanation. Research shows that reasoning is
the most difficult part of an explanation for middle school
students (Berland & Reiser, 2009; Gotwals & Songer,
2006; NRC 2007; McNeill et al., 2006). To reason, stu-
dents must have an understanding of scientific ideas; they
should use these understandings to select certain data and
then show why these data count as evidence and also sup-
port their claim. Recent research has shown that scientific

reasoning and domain-specific knowledge are significant
predictors of experimental observation skills (Klemm
et al., 2020). We argue that this scientific reasoning re-
quires an integration of scientific ideas. Consequently,
teachers should provide students with experiences that
foster the development of integrated understanding of sci-
entific ideas that are situated in real-world, meaningful
contexts where students are required to apply their know-
ledge (Vallera & Bodzin, 2020). What do these experiences
look like and how can teachers best support students to
develop integrated understanding of scientific ideas and to
learn how to make use of those scientific ideas when
explaining natural phenomena?
This research explored how students developed an in-

tegrated understanding of scientific ideas and used ideas
to explain the health of a stream through constructing
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multiple iterations of an evidence-based scientific ex-
planation over time. The explanation evolved over sev-
eral weeks as students learned scientific ideas about four
different water quality measures and collected and ana-
lyzed data from each of the water quality measures at
different times. With each new added component of the
water system, the overall context became richer. For the
first two water quality measures of pH and temperature,
students were guided to both include scientific ideas and
how to use those ideas to explain the water
phenomenon. Building from these experiences, more
ideas were expected from students as they made sense of
third and fourth water quality measures, namely, con-
ductivity and dissolved oxygen. Although scaffolds were
lessened, students were expected to develop more thor-
ough explanations as they gained more knowledge and
experience in writing scientific explanations.

Theoretical framework for the study
This study explores middle school students’ develop-
ment towards an integrated understanding of the health
of a stream and how the learning environment and
teacher support promoted this integrated understanding.
The underlying theory for the work is that students ex-
perience learning in a particular context by exploring
natural phenomena (National Research Council (NRC),
2012; National Academies of Sciences, Engineering, and
Medicine (NASEM), 2019). This position is based on so-
cial constructivism (Vygotsky, 1986) where students ac-
tively engage with natural phenomena and collaborate
with each other and the teacher to make sense of ideas;
in so doing, the students construct an integrated under-
standing of the phenomenon. The learning environ-
ments for investigation should “relate to the interests
and life experiences of students” (NRC. 2012, p. 31) and
investigate phenomena that are “interesting and en-
gaging to students (NASEM, 2019, p.4). As such, the
learning environment explored in this study is situated
in an authentic, real-world context.
Two major goals of science education focus on assist-

ing students to explain various phenomena and to solve
problems. Since scientists often construct evidence-
based explanations for phenomena, students should also
engage in the same activities of scientists. With new in-
sights from research over the past two decades into how
students learn and how to more effectively teach science,
various documents have been published that use this
growing body of research to assist teachers and curricu-
lum designers. To best prepare the next generations of
learners to explain scientific phenomena and to have the
tools to use that knowledge to respond to challenging
current and future problems that face our societies and
our planet, the Framework for K-12 Science Education
(NRC, 2012) proposed a new instructional approach.

This new approach, referred to as 3-Dimensional Learn-
ing, merges scientific and engineering practices (SEP),
crosscutting concepts (CCC), and disciplinary core ideas
(DCI). The study reported here applies this theoretical
approach to instruction that incorporates the following
concepts.

The essential concepts incorporated in the study design
For students to explain a complex phenomenon, they
need to develop an integrated understanding of complex
ideas that underpin the phenomenon. For this to be ef-
fective, teachers need to provide scaffolding, including
timely and focused feedback, as support for students as
they incorporate experimental evidence and scientific
ideas into their explanations. Through these cycles of
development and teacher feedback, students demon-
strate integrated understandings of scientific ideas, the
use of evidence, and the structure of explanations. Here,
we discuss each of these concepts – integrated under-
standing, scientific explanations, evolving explanations,
and scaffolds - that were incorporated in the research.

Integrated understanding
An expert in a particular field tends to possess rich, in-
terconnected knowledge structures resulting in that indi-
vidual having an integrated understanding of the
disciplinary core ideas (DCI) of the phenomenon (Fortus
and Krajcik, 2012; Hmelo-Silver, Pfeffer, 2004; Krajcik &
Mun, 2014; NRC 2008; Roseman, Linn, & Koppal, 2008).
Unfortunately, in many science classrooms, students
often learn scientific ideas in isolation rather than
through experiences that allow them to form connec-
tions among ideas. This lack of connection results in
students not using their scientific ideas within the avail-
able scientific practices and necessary crosscutting con-
cepts to make sense of a new phenomenon (NRC, 2012).
Two more reasons contributing to a lack of connections
among scientific ideas are when understanding is neither
developed across time nor in context. Furthermore, in
many classrooms, scientific ideas are not used to explain
phenomena and especially so in more than one situation.
As a result, students struggle to organize ideas because
they lack experiences to form connected ideas and only
possess disconnected information (Fortus & Krajcik,
2012; Krajcik and Czerniak, 2018; NRC, 2000). We use
the term “integrated understanding” to refer to a high
level of connectedness and the identification of mean-
ingful relationships between scientific ideas (Fortus &
Krajcik, 2012; Roseman et al., 2008).
Scientists not only have integrated understanding of

important scientific ideas, but they also know how to
use their understandings to make sense of and develop
explanations of phenomena with high levels of sophisti-
cation (Hmelo-Silver & Pfeffer, 2004; Rottman, Gentner
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& Goldwater, 2012). Because scientists have integrated
understanding as well as experiences where they have
made use of those understandings, they are able to use
their understandings of DCIs and apply scientific prac-
tices and crosscutting concepts to new situations. Using
understandings in new situations is an outcome of class-
room science teaching expected by the NRC (2012); the
Framework for K-12 Science Education in the United
States (NRC 2012a), as well as policy documents from
other countries (Finnish National Board of Education,
2015; Kulgemeyer & Schecker, 2014; OECD, 2016).
These documents call for students to actively use their
knowledge to explain phenomena and solve problems
and to take what they have learned in one context and
apply it to new contexts.
Fully explaining scientific phenomena necessitates that

students understand a complexity of scientific ideas and
connections between those ideas and know how to use
those understandings in new situations to justify claims
and make sense of evidence. Because students’ ideas are
often fragmented (NRC, 2000), it is not surprising that
students find it challenging to make sense of phenom-
ena, solve challenging problems, or use their learning in
new situations (Bransford & Schwartz, 1999).
In the era of three-dimensional learning stressing

that students use their knowledge (NGSS 2013; NRC
2012a; NRC, 2012b), classroom instruction should
guide students towards making connections among
scientific ideas in tandem with learning how to make
use of those scientific ideas in new situations. These
ideas are supported by the work of Zimmerman
(2000) which asserts the importance of teaching sci-
entific content simultaneously with “experimentation
and evidence evaluation skills” to help students better
understand science (p.140). Pelligrino and Hilton
(2012) state that designing classroom instruction that
provides students with experiences that require them
to use their knowledge is both an opportunity and
challenge that needs substantial attention by the re-
search community.

Scientific explanations
Assisting students to use their understanding of science
ideas, not just to “know” science ideas, is a challenge
identified in the research (NRC, 2012b). How can stu-
dents be supported in developing an integrated under-
standing of scientific ideas that they can apply to solve
problems and make sense of phenomena? In this study
we focus on this challenge. One way to address this chal-
lenge is to provide students with an instructional context
where they are supported to develop evidence-based ex-
planations that use scientific ideas to justify why their
evidence supports their claims.

Constructing evidence-based explanations in science
classrooms is emphasized in major science education
documents (NASEM, 2019; NGSS, 2013; NRC 2007,
2012a; OECD, 2016). When developing learning experi-
ences for students, the three dimensions – scientific and
engineering practices (SEP), crosscutting concepts
(CCC), and disciplinary core ideas (DCI). - need to work
together; “Helping students learn disciplinary core ideas
through engaging in scientific practices will enable them
to become less like novices and more like experts”
(NRC, 2012, p. 25). One such scientific practice - con-
structing explanations of phenomena - may assist stu-
dents to move from understanding scientific ideas as
disconnected facts to begin to organize their knowledge
around core scientific ideas in much the same way that
experts do. Kulgemayer (2018) describes an effective in-
structional framework for explanations construction in
science teaching which includes involvement of the
learner.
Supporting middle school students in the practice of

constructing explanations is challenging. An explanation
framework comprised of three components - claim, evi-
dence, and reasoning – can assist students in construct-
ing explanations (McNeil & Krajcik, 2011). Students
need opportunities to make claims based on available
evidence and use scientific ideas to justify why the evi-
dence supports the claim. They also need support, not
only to understand that they need to include scientific
ideas, but how to incorporate the ideas. The level of so-
phistication of students’ explanations will, in part, deter-
mine if learners develop integrated understanding
(Fortus & Krajcik, 2012; Hmelo-Silver, Pfeffer, 2004;
NRC 2008; Roseman, Linn, & Koppal, 2008). Fewer
connections of scientific ideas will result in less sophisti-
cated responses. Three-dimensional learning environ-
ments (NGSS, 2013; NRC, 2012a) that engage students
in making sense of a phenomenon (or designing solu-
tions to problems) where students have to use all three
dimensions - disciplinary core ideas, crosscutting con-
cepts, and scientific practices to construct explanations
– can help students make connections among ideas that
broaden and deepen their levels of scientific knowledge.
These environments also provide students with experi-
ences of how to make use of their knowledge (Krajcik &
Shin, 2014; Linn & Elyon, 2011; NRC, 2012a).

Evolving explanations
The most frequently described situations in the science
education literature related to students constructing ex-
planations are when students write several distinct, short
explanations, typically a paragraph or two, throughout a
unit (Cavagnetto, 2010). These explanations are based
on evidence from different experiments that investigate
different phenomena but relate to similar scientific ideas.
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In contrast, in the research reported here, we explore
students’ construction of one explanation over a period
of time as more evidence is collected related to one,
complex phenomenon comprised of multiple subcompo-
nents. The various iterations of the explanation can be-
come conceptually richer as students gain experience
with using scientific ideas as well as with writing expla-
nations. An evolving explanation is the term used to de-
scribe such multiple iterations of an explanation that is
constructed over time (Novak & Treagust, 2018). Com-
plex phenomena, such as a freshwater system, cannot be
explored and explained in a short period of time. We
have found no other studies in the literature that investi-
gate this type of explanation. Gerard, Kidron & Linn
(2019) and Lee, Pallant, Pryputniewicz, Lord, Mulhol-
land, & Liu (2019) used automated text scoring to sup-
port students in constructing and revising multiple
explanations, typically around a paragraph, as part of
shorter, 5–8 days units. Because the study reported here
investigates longer and more complex evolving explana-
tions, it is different from these studies.

Scaffolds
Scaffolds allow students to undertake tasks that they
simply would not be able to do on their own (NRC,
2000; Quintana, Reiser, Davis, Krajcik, Fretz, Duncan,
Kyza, Edelson, & Soloway, 2004; Tabak, 2004; Wood,
Bruner, & Ross, 1976). Scaffolds assist learners not
only to accomplish complex tasks but also to learn
from those tasks. Providing a variety of scaffolds of-
fers even more support by providing different means
to develop ways of knowing, doing, and communicat-
ing. The explanation framework (McNeil & Krajcik,
2011), along with other teacher scaffolds, assists
students because it provides an accessible structure
(McNeill & Krajcik, 2009; McNeill et al., 2006; Tabak,
2004). Similarly, The Explanation Tool framework
(Windschitl & Braaten, 2011) helped make explana-
tions clear to novice teachers. Prompts helped stu-
dents describe “what” happened and explained “how”
and “why” things happened. The Explanation Tool
also helped novice teachers focus on the core ideas of
science (Braaten & Windschitl, 2011). Using various
teacher supports with other scaffolds can become syn-
ergistic; the scaffolds work together to support stu-
dents in building understanding (McNeill & Krajcik,
2009; Tabak, 2004). Feedback and multiple opportun-
ities are also important scaffolds.

Cycles of development and feedback - the importance of
an iterative approach
Learning complex ideas requires time (Krajcik & Shin,
2021; NRC 2000; 2007), feedback (NRC, 2001), and op-
portunities for multiple exposures (NASEM, 2019).

Writing scientific explanations, particularly incorporat-
ing scientific ideas as part of reasoning, is a complex
undertaking that requires time and feedback. The im-
portance of developing learning materials with an itera-
tive rather than sequential focus over time is paramount
in helping students develop integrated understanding of
scientific ideas, practices, and crosscutting concepts
(Fortus and Krajcik, 2012; Nelson & Hammerman, 1996;
NRC, 2000, 2013). Revisiting ideas and building on those
ideas over time can move students from understanding
scientific ideas as unconnected facts towards building
connections with relationships among ideas that leads to
integrated understandings. Such connections promote
further development of organized knowledge structures
around core scientific ideas. In addition, if students ex-
plore different facets of a complex phenomenon that in-
clude new scientific ideas and collect and analyze these
new data, students can make connections to their prior
experiences which may provide them with a structure
for building integrated understanding of new scientific
ideas.
In this study, students developed and revised an ex-

planation over a period of time as new evidence was
gathered in an authentic context. The students expanded
and revised their explanation as more data were ob-
tained which provided them with a more comprehensive
picture of the phenomenon. Such an iterative construc-
tion of an explanation over time allows students to re-
think and revise their ideas (Novak & Treagust, 2018)
that includes practice and feedback (Black, 2003; Krajcik
& Czerniak, 2018; NRC, 2000; NRC, 2001). Moreover,
when writing about new data that requires students to
use new scientific ideas to explain how evidence support
claims, the earlier experiences have the potential to pro-
vide students with knowledge of how to use those new
ideas. These experiences may assist students to more
thoughtfully undergo analysis of their results, by incorp-
orating new scientific ideas in more complex ways when
writing about new evidence.
The instructional materials in this study place students

in a context where 1) previous ideas are revisited and
built upon and 2) new ideas are introduced and incorpo-
rated. We argue that students’ scientific understandings
build progressively over time, and their understanding of
scientific ideas is an emergent process. We also argue
that understanding of and use of science and engineer-
ing practices is an emergent process and is not devel-
oped with single exposures. Consequently, teachers need
to provide students with multiple opportunities to show
their understandings (NASEM, 2019). The same skills
should be utilized multiple times across a series of tasks
(Bransford et al., 2000). The Framework (2012a) replaces
skills with practices “to emphasize that using scientific
investigation requires not only skill but also knowledge
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that is specific to each practice (p.30). For students to
explain phenomena they need to develop strong under-
standings of scientific ideas integrated with the practice
of developing a scientific explanation with multiple op-
portunities to use the practice and corresponding discip-
linary core ideas. This process exemplifies knowledge-in-
use, illustrating that content and practice are explicitly
linked (NRC, 2012a). In addition, integrating crosscut-
ting concepts such as cause and effect and systems with
practices and content are essential to fully understand
and explain phenomena.
Feedback is important for students to develop under-

standing of scientific ideas and how to use those ideas to
explain phenomena (NRC, 2001). Practice and feedback
work together to develop skill and expertise (Pellegrino
et al., 2001). Feedback prompts students to consider new
ideas, to expand their current thinking, to make connec-
tions between ideas, and to reconsider current thinking
that may be inconsistent with their data or inconsistent
with what scientists believe and also prompts students
to adjust their claims (Novak & Treagust, 2018).

Methodology
Research context
The phenomenon under study, the health of a stream
for aquatic organisms, is a complex system with many
components, or sub-systems, that are explored over
time. During the investigation, additional water quality
measures are sequentially introduced. The research re-
ported first examines the incremental development of
7th grade students’ scientific ideas; these ideas came
from separate water quality measures across the various
iterations of an evolving scientific explanation. We ex-
plored how students make use of scientific ideas in dif-
ferent situations - in this case using scientific ideas from
different water quality measures as part of a scientific
explanation. To make claims supported by evidence that
can be justified with scientific ideas, students need to
understand new scientific ideas and incorporate them
into their own scientific explanation.

Research questions
Consequently, two research questions guided the study:
1. As students engage in writing a scientific explan-

ation over time, to what extent do they develop inte-
grated understanding of appropriate scientific ideas?
2. When writing about new evidence, do these earlier

experiences of writing explanations enable students to
make use of new scientific ideas in more sophisticated
ways?

Research design and procedures
This study utilized a repeated measures research design
with students writing four iterations of one explanation

during a semester project (Cohen, Manion & Morrison,
2011; Creswell 2009); during the water quality data col-
lection portion of the project, students expanded and re-
vised their explanations over the course of six weeks as
they collected new evidence. The scientific ideas, which
students incorporated into their explanation during the
various iterations of the evolving explanation, were used
as the data source for addressing the research questions.

Participants
Sixty, 7th grade students, ages 12–13 years from four
classes at an independent middle school in a small to
medium sized mid-western city in the USA, participated
in the study. Thirty-one percent of students in the
school self-identified as persons of color. The majority
of students were from middle to upper-middle income
families. Eighteen percent of the student body received
need-based financial aid. Forty-five percent of the stu-
dents were boys and 55 % were girls. The middle school
is part of a 6–12 grade school. One hundred percent of
the students graduate from high school and 100% of the
graduates attend college each year. Two students were
dropped from the study due to long-term absences. In
addition, seven different students were absent for at least
one iteration of the explanation. When reporting data,
therefore, the number of students ranged from 51 to 54
participants.

Instructional context
The unit in this study used a project-based science
learning approach (Krajcik & Czerniak, 2018, Novak &
Krajcik, 2019). Based on 3-dimensional learning, the unit
integrates disciplinary core ideas, scientific and engineer-
ing practices, and crosscutting concepts as envisioned by
the new Framework for K-12 Science Education (2012)
and the NGSS (2013). Disciplinary core ideas related to
water quality and human impacts on earth systems, the
scientific practice of developing explanations, and the
crosscutting concept of cause and effect provided the 3-
dimensional learning focus of the research presented in
this article (see Appendix 1). The unit, which the first
author developed and taught (Novak, 2019), works to
contextualize learning by creating a meaningful learning
environment situated in an authentic context that drives
a need for learning. Working from students’ everyday
experiences with fresh water and with peoples’ land-use
practices and investigating the water quality of a stream,
the project was designed to build and connect ideas
across time. Prior to these lessons, students were intro-
duced to the water study through several contextualizing
activities, over the course of several weeks. These activ-
ities set a meaningful context and assisted students in
the development of foundational scientific ideas related
to watersheds and point and non-point source pollution.
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Students were placed in teams and assigned to a
stream section where they, on separate occasions, col-
lected four pieces of empirical data in real time. Students
developed one explanation to address the questions,
“How healthy is our stream for freshwater organisms?”
and “How do our actions on land potentially impact the
water quality of the stream?” (Novak, et al., 2006; Novak,
2019; Novak & Krajcik, 2019). The explanation gradually
developed over the course of about six weeks as more
and more data were collected and analyzed. This add-
itional data provided new evidence. Students learned
more scientific ideas related to each new water quality
measure through class activities, experiments, and back-
ground information. In each cycle of data collection and
analysis, students took part in discourse, where they dis-
cussed the meaning of the data, made further sense of
ideas, worked to clarify their understandings, and de-
bated claims. Such discourse occurred in small groups
and in class discussions.

Teaching sequence
The explanation framework of claim, evidence, and rea-
soning (McNeill & Krajcik, 2011) was utilized to support
students in constructing an explanation of the water
quality of a local stream by using the results of the vari-
ous water quality measures. The aim was to assist stu-
dents in learning how to develop a sophisticated,
evidence-based scientific explanation of the stream sys-
tem phenomenon. As students developed their explan-
ation over time, not only would they include more
scientific ideas, but those ideas would also become more
connected as they applied their understandings to ex-
plain the health of the stream. To reason about evidence
one needs to make use of scientific ideas: what the water
quality test was measuring, why results were obtained
(causes), and what the results meant for the health of
the stream (consequences), specifically the organisms
that inhabited the stream. An integrated understanding,
therefore, could develop concurrently.
Initially, students in this study were unfamiliar with

writing explanations. The initial explanation (Ex1) took
place after two separate data collection episodes where
students collected pH and then temperature data. This
explanation was written before students were introduced
to the explanation framework. Water quality data from
all groups was shared during a class discussion after
each data collection episode with particular focus on
identifying similarities and differences in the results.
Using these two water quality measures, the students
were individually asked based on what was known about
the stream right now: “Write what you think a scientist
would write to respond to the question: How healthy is
the stream for freshwater organisms?”

The explanation framework and other scaffolds
The explanation framework was then introduced to stu-
dents. In small groups, students collaborated on the
completion of a teacher-scaffolded guide sheet designed
to support them in the construction of their explana-
tions. The guide sheet included prompts to assist stu-
dents to consider various scientific ideas, including the
purpose of conducting each water quality measure. In
addition, students were asked to consider both causes
for their results and effects (the consequences) that
those results might have on organisms in the stream.
Students also included whether the results indicated the
stream’s health as excellent, good, fair, or poor, based
upon National Water Quality Standards (Stapp & Mitch-
ell, 1995). The guide sheet also provided students with a
structure for writing the various components of an ex-
planation. The teacher moved from group to group to
assist students. A portion of the guide sheet shown in
Table 1 shows the prompts for scientific ideas and two
spaces, one for students to record their notes for pH and
the other for temperature. The entire guide sheet may
be found in Appendix 2: Explanation Guide Sheet.
Students were instructed to use their guide sheet,

which served as an outline, and to then individually re-
vise their initial explanation (Ex1) with the expectation
to include discussion of appropriate scientific ideas as
part of their reasoning. This second iteration became Ex-
planation 2 (Ex2). The teacher then provided students
with written feedback that included, among other as-
pects, comments related to students’ use of scientific
ideas in their reasoning.
After completing Explanation 2 (Ex2) students were

introduced to a third water quality measure, the amount
of dissolved solids (measured using a conductivity
probe). Following various lessons related to dissolved
solids, student groups next collected this third piece of

Table 1 Portion of an Explanation Guide Sheet for Student
Notes

REASONING: explain and discuss
results:
Use scientific concepts
from background information
with your evidence (Test
results and physical data)
What do the results Mean? Standard.
Are these results positive
Or negative? Why? consequences
from background (examples)
Why did you get these results?
Incorporate the causes completely discuss/explain-
Use info. From p.19 & p.8
(hand-outs)

Is there another possible
Cause or consequence that you didn’t
Use to explain? What is it? Why
Didn’t you choose it (them?)?
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data, conductivity. This water quality measure included
new scientific ideas unrelated to scientific ideas of pH
and temperature. Data from each group were shared and
discussed with the entire class. Student groups com-
pleted another less-scaffolded guide sheet to support
them in continuing to develop their explanation, now
based on three pieces of evidence. Students used these
notes to add conductivity to their explanations. This it-
eration became Explanation 3 (Ex3). Additionally, stu-
dents were to incorporate teacher feedback from
Explanation 2 into this version. This task was followed
by another iteration of teacher feedback, now related to
pH, temperature, and conductivity measures. A fourth
piece of data, dissolved oxygen, that also included new
scientific ideas, was collected following various lessons
and the same cycle occurred: students shared data in
class, student groups discussed and analyzed data while
taking notes, and students individually incorporated the
new data into their existing explanations. This final iter-
ation of the explanation was Explanation 4 (Ex4). After
each data collection and analysis, students were expected
to include discussion of appropriate scientific ideas,
which often was related to causes and effects, as part of
their reasoning. Students were also expected to incorp-
orate teacher feedback. The various iterations of the ex-
planation are summarized in Table 2.
At the completion of the water unit, students had con-

structed an explanation of the complex stream
phenomenon that included evidence from the four water
quality measures: pH, temperature, conductivity (dis-
solved solids), and dissolved oxygen.

Data sources
Each of four iterations of the evolving explanation for all
students was collected (See Table 2). These iterations
were: Explanation 1 (Ex1) written before the explanation
framework was introduced that included pH and
temperature measures; Explanation 2 (Ex2) after the
introduction of the explanation framework that included
pH and temperature; Explanation 3 (Ex3) that included
pH, temperature, and conductivity; and Explanation 4
(Ex4) that included pH, temperature, conductivity, and
dissolved oxygen. Teacher feedback from Explanations
#2 and #3 was also collected.

Data analysis
A comprehensive concept map (Novak & Gowin, 1984)
that represented all of the scientific ideas for water qual-
ity and the relationships and appropriate connections
between them was created by the first author. Separate
portions of the concept map that corresponded to each
of the water quality measures are found in Supplemen-
tary Information - one each for pH, temperature, con-
ductivity, and dissolved oxygen.
Three water ecology experts evaluated the concept

map for scientific accuracy verifying that it contained all
of the scientific ideas and accurate relationships between
those ideas. Next, the concept map was used to create a
detailed rubric using a base rubric for analyzing scien-
tific explanations (McNeill & Krajcik, 2011). In order to
do this, concepts and their connections were translated
into statements and became part of the rubric (see Fig. 1
for the pH portion of the concept map and Table 3 for
the pH portion of the rubric). The water ecology experts
also verified the rubric for scientific accuracy. The rubric
reflected accurate scientific ideas and meaningful con-
nections and could be used to infer student understand-
ing of the ideas for the various water quality measures.
Higher scores on the rubric were evidence of more inte-
grated understanding of the scientific ideas. In addition
to the scientific ideas and their relationships, the reason-
ing portion of the rubric included a section to record
whether or not students connected their science under-
standing to their evidence. Reasoning requires discussion
of appropriate scientific ideas. Examining the develop-
ment of scientific ideas across time is the focus of this
article; therefore, the reasoning portions of the rubric
are not included here and are reported elsewhere
(Novak, 2015). The pH portion of the concept map is il-
lustrated in Fig. 1. The translation of those concepts into
statements that became the pH portion of the rubric is
shown in Table 3. Students’ explanations were scored
one point for each accurate idea. Ideas that were in-
accurate or missing were scored as zero. As seen in the
pH portion of the rubric (Table 3), the maximum num-
ber of possible points for pH was six.
This same process was used for developing rubrics for

the temperature, conductivity, and dissolved oxygen
water quality measures. In addition to reasoning, the

Table 2 Four iterations of an Explanation

Explanation #1 (Ex1) • Initial pH and Temperature explanation: Before intro of explanation framework

Explanation #2 (Ex2) • Rewrite pH and temperature explanation: After intro of explanation framework
• Teacher provides feedback on Explanation 2

Explanation #3 (Ex3) • pH and temperature - revision from teacher feedback
• conductivity added – first time
• Teacher provides feedback on Explanation 3

Explanation #4 (Ex4) • pH, temperature, conductivity - with revision from teacher feedback
• dissolved oxygen added – first time
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complete rubric included claim, evidence, rebuttal, and
action steps in order to gain a more comprehensive
insight into how students’ explanations evolved over
time. The rubric for Explanation #4, which contains each
of the four water quality measures, including all of the
science ideas for each of the water quality measures,
may be found in Appendix 3. The research reported here
focuses on students’ development and use of scientific
ideas during the course of developing an explanation
over various iterations.
For all iterations of the explanation, the students’ sci-

entific ideas were compiled for each water quality meas-
ure. In addition to the first author, two raters who were
knowledgeable about the teaching unit and about

scientific explanations, and had been trained by the first
author, scored a portion of students’ explanations. As
noted by McHugh (2012), statistics used to measure
inter-rater and intra-rater reliability include “percent
agreement, Cohen’s kappa (for two raters), the Fleiss
kappa (adaptation of Cohen’s kappa for 3 or more raters)
…” . (p. 277). For this study, we used percent agreement
because our situation was that “the [three] raters are well
trained and there is little guessing, the researchers may
safely rely on percent agreement to determine interrater
reliability” (p. 282). The three raters each scored the four
iterations of four different students totaling 16 explana-
tions. An 88% inter-rater reliability was obtained. The
first author scored the remainder of the other students’
explanations. To check for “drift” in scoring, the other
two scorers each scored four additional students (16 ex-
planations) and those were set aside for later compari-
son. Half-way and three-fourths of the way through the
scoring process, the researcher chose and scored two of
these students and compared her scoring to the others
scores to check for consistency. The inter-rater reliability
remained consistent.
To answer Research Question 1: As students engage in

writing an evolving scientific explanation over time, to
what extent do they develop an integrated understanding
of the scientific ideas about water quality?, student
scores from the rubric were used to conduct a multivari-
ate test of MANOVA with Wilks’ lambda, the most ap-
propriate statistic (Hinton, Brownlow & McMurray,
2004, p. 231) using a repeated measure design for each

Fig. 1 pH portion of Water Quality Concept Map

Table 3 Translation of pH concepts into statements that
became the pH portion of the rubric

Reasoning – Science Concepts

__0__ Does not provide reasoning or provides inappropriate reasoning.

Provides all reasoning components: WHAT evidence means and WHY
these results?
pH Reasoning
__1__ Stream is acidic? Basic? Neutral? correct
__1__ Correct Standard –most neutral a couple slightly basic (excellent
or good – a couple fair)
positive results:
__1__ Most organisms need neutral pH or will die
__1__ Example: name of organisms and pH range
needed
__1__ Example - product and pH from land-use and
run-off
__1__ Buffers – define
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separate water quality measure. Repeated measures were
obtained for four iterations of pH and four iterations of
temperature. In addition, repeated measures were ob-
tained for two iterations of conductivity data (students
did not include conductivity in the first two iterations).
The conductivity measure had different scientific ideas
than pH and temperature. Dissolved oxygen data was
not included because it was part of the final water qual-
ity measure and did not undergo revision.
To answer Research Question 2: When writing about

new evidence, do these earlier experiences of writing ex-
planations enable students to make use of new scientific
ideas in more sophisticated ways? a comparison of
weighted mean scores from each water quality measure
that was written by students for the first time was com-
pleted. Because there were different total possible points
for each water quality measure, weighted scores were
used to ensure equal value. This comparison allowed the
researchers to determine if students analyzed and incor-
porated new scientific ideas when writing about new
evidence.

Results
Research question 1: evolving explanation towards
developing integrated understanding?
Research Question 1 explored students’ development
of a more integrated understanding of the scientific
ideas about water quality across time as they wrote
an evolving explanation. We start with an illustrative
example that examines the progression of scientific
ideas related to pH through each of the four itera-
tions made by one student, Paul, who is representa-
tive of many students whose work fell in the middle
to upper-middle ranges relative to his peers. This
series of writing and analyses provides an example of
the research procedure followed by the findings from
the study.

Incremental development of pH ideas across time: Paul’s
Ex1 to Ex4
Paul’s progression of pH ideas through the four itera-
tions of his explanation are shown below. Included are
his writing, how his writing would map onto the pH
concept map, his rubric scores, and teacher feedback
that he received which he was to incorporate in subse-
quent iterations. Portions of the writing that are accurate
scientific ideas in the rubric are underlined. Vague or in-
accurate concepts were scored as zeros.
Paul’s Initial Explanation (Ex1) responding to the

question, “What do you think a scientist would write
about the health of the stream for freshwater organisms
based on what we know now? included the following dis-
cussion about pH:

“pH is testing if our stream is acidic, basic, or neu-
tral. This is done on a scale that goes from 0-14.
Our stream is mainly from 6-8 on the scale. This
means the water is in the neutral zone. Neutral is
the area that can support every organism. This tells
us that not many acidic or basic pollutants have en-
tered our stream. If the stream is acidic or basic the
water cannot support life and things begin to die.”

Scientific ideas that Paul incorporated into his Initial
Explanation (Ex1) are mapped onto the pH portion of
the concept map in Fig. 2 (highlighted). Paul presents a
few scientific ideas. He is missing many ideas as well as
connections between the ideas. His initial explanation
does not reflect integrated understanding of pH and
water quality. Based on the rubric, Paul earned two out
of the possible six points.
Following the introduction of the Explanation Frame-

work, Paul revised his initial explanation and his pH
portion looked like this:

“pH is testing if a substance is acidic, basic, or neu-
tral. It goes on a scale that goes from 0-14. 6-8 is in
the neutral zone. We choose three locations; A, B,
and C. Location A had a neutral pH of 7.5. Location
B had the same pH. Location C had a little more
acidic. It had a still neutral zone pH of 6.5. All of
our locations are in the excellent range of Water
Quality Standards (6.5-7.5). As my graph says these
are not harmful results. These results mean that all
organisms are able to inhabit this area. They are
positive and environmentally friendly results. If pH
gets too acidic or basic it has the power to kill off the
organisms. Fortunately we have a good result. There
are no factories in the area dumping chemicals into
the stream. We are also very protective of our storm
drains at Greenhills. Earlier 7th graders have put
badges on them to emphasize the harm of dumping
into the storm drains.”

Accurate scientific ideas in the rubric are underlined.
Figure 3 represents ideas that Paul incorporated into his
revised explanation (Ex2) mapped onto the pH portion
of the concept map that are added to his initial map. He
includes additional scientific ideas as well as made con-
nections between ideas. Based on the rubric, Paul now
earned three out of the possible six points.
The teacher then provided feedback to Paul for Ex-

planation 2 (Ex2):
In response to Paul’s statement that “all organisms are

able to inhabit this area” the teacher provided the fol-
lowing feedback:
Teacher comment: “Can you provide 2 specific exam-

ples from p.19 and the pH range they need to live?”
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In response to Paul’s comment that 7th graders have
put badges (permanent stickers that inform people, “Do
not dump. Leads to rivers.”) on storm drains:
Teacher comment: “Great – can you talk about what sub-

stances, and from where, could impact the stream’s pH – car
products we tested etc. you reference dumping INTO storm
drains – but people products can get into storm drains with-
out direct dumping -discuss.”

In response to Paul’s statement that there are “no fac-
tories in the area dumping chemicals into the stream”
the teacher gave the following feedback:
Teacher comment: “Good – another reason might be

buffers – define/discuss”.
Now, in Explanation 3, Paul incorporated teacher feed-

back from pH (and also temperature which is not illus-
trated here) as well as scientific ideas related to

Fig. 2 Paul’s Initial Explanation: Rubric Score - 2/6 points

Fig. 3 Paul’s Explanation 2 (Ex2): Rubric Score - 3/6 points

Novak and Treagust Disciplinary and Interdisciplinary Science Education Research             (2022) 4:3 Page 10 of 22



conductivity, a third water quality measure for which
students obtained data. Here is Paul’s pH portion of Ex-
planation 3 (Ex3) after receiving teacher feedback with
accurate concepts underlined:

“pH is testing if a substance is acidic, basic, or neu-
tral. It goes on a scale that goes from 0 to 14. 6–8 is
in the neutral zone. We choose three locations; A, B,
and C. Location A had a neutral pH of 7.5. Location
B had the same pH. Location C had a little more
acidic. It had a still neutral zone pH of 6.5. All of
our locations are in the excellent range of Water
Quality Standards (6.5–7.5). As my graph says these
are not harmful results. The largest variety of ani-
mals can only live from 6.5–7.5. Snails, clams, and
mussels live in 7–9. These results mean that all these
organisms are able to inhabit this area.
If pH gets too acidic or basic it has the power to kill
off the organisms. Fortunately we have a good result.
There are no factories in the area dumping chemi-
cals into the stream. Buffers also help the numbers.
A buffer is a natural occurring chemical that helps
maintain a neutral pH. The little pollution we get
the buffer can take care of. We are also very protect-
ive of our storm drains at (our school). Storm drains
are connected with non-point source pollution. Pol-
lutants can get onto the streets, when it rains them
downhill, this is called runoff. The pollutants get to
the storm drains which leads the pollutants to the
streams. Earlier 7th graders have put badges on
them to emphasize the harm of bad runoff into the

storm drains. These chemicals include car oil and
antifreeze from things like leaks from cars. There
weren’t very many bubbles, and they are an indica-
tor of chemicals. From this there are little
chemicals.”

Mapping these additional ideas onto the pH concept
map produces a more complete concept map (Fig. 4).
Not only are more scientific ideas included, but those
ideas are connected to other ideas, illustrating that Paul
is developing a more integrated understanding of pH
and water quality through the relationships his concept
maps portray. Based on the rubric Paul now earned five
out of the possible six points.
After completing this explanation, Paul received the

following teacher feedback:
Teacher comment: “Car oil doesn’t have a pH” and “…

.with a pH of … ..?”
in response to his statement:

“chemicals include car oil and antifreeze from things
like leaks from cars.”

Paul incorporated this feedback as well as scientific
ideas related to dissolved oxygen, into the fourth and
final iteration of his evolving explanation, Explanation 4
(Ex4). The following is the pH portion of Paul’s explan-
ation with accurate concepts underlined:

“pH or the potential of hydrogen is the testing if a
substance is acidic, basic, or neutral. It goes on a

Fig. 4 Paul’s Explanation 3 (Ex3): Rubric Score - 5/6 points
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scale that goes from 0-14. 6-8 is in the neutral zone.
We choose three locations; A, B, and C. Location A
had a neutral pH of 7.5. Location B had the same
pH. Location C had a little more acidic. It had a
still neutral zone pH of 6.5. All of our locations are
in the excellent range of Water Quality Standards
(6.5-7.5). As my graph says these are not harmful re-
sults. The largest variety of animals can only live
from 6.5-7.5. Snails, clams, and mussels live in 7-9.
These results mean that all these organisms are able
to inhabit this area. If pH gets too acidic or basic it
has the power to kill off the organisms. Fortunately
we have a good result. There are no factories in the
area dumping chemicals into the stream. Buffers
also help the numbers. A buffer is a natural occur-
ring chemical that helps maintain a neutral pH.
The little pollution we get the buffer can take care
of. We are also very protective of our storm drains at
Greenhills. Storm drains are connected with non-
point source pollution. Pollutants can get onto the
streets, when it rains, they go downhill, this is called
runoff. The pollutants get to the storm drains which
leads the pollutants to the streams. Earlier 7th

graders have put badges on them to emphasize the
harm of bad runoff into the storm drains. These che-
micals include windshield wiper fluid that has a pH
of 8.4. Another one is antifreeze which has a pH of
9.3. These chemicals come from things like leaks
from cars. There weren’t very many bubbles, and
they are an indicator of chemicals. From this there
are little chemicals.”

Figure 5 illustrates the final pH concept map for Paul.
It can be seen that Paul has now included all of the sci-
entific ideas and showed the relationship between those
ideas by accurately connecting them. Mapping Paul’s
ideas onto the concept map illustrates that he has inte-
grated understanding of pH and water quality. Based on
the rubric, Paul now earned all six possible points.
Through the iterative process of the evolving explan-
ation, we have tracked Paul’s incremental development
of pH ideas related to water quality of a freshwater sys-
tem over time.

Incremental development of ideas across time for all
students
Examining how all students’ scientific ideas developed
across the various iterations of the explanation, the re-
sults indicate that there is a statistically significant effect.
Of the possible six points for pH, the majority of student
scores on the rubric from the initial explanation (Ex1)
were zero, one, or two as seen on the left side of the
chart in Fig. 6 that compares rubric scores from Expla-
nations #1 and #4. For Explanation #1 more than 50% of
students only included one scientific idea. Approxi-
mately one fifth of students included no scientific ideas.
Explanation #4 reflects a major shift in student scores
with most students including many more scientific ideas,
scoring five or all six points.
The results for the water quality measure of pH across

the four iterations with the students who completed
each explanation (see Table 4 and Fig. 7) show large ef-
fect sizes over the four iterations with statistically

Fig. 5 Paul’s Explanation 4 (Ex4): Rubric Score - 6/6 points
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Fig. 6 Student Scores from Rubric: Initial Explanation (Ex1) compared to Final Explanation (EX4)
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significant differences in mean scores (F = 99.25,
p < .0001; Wilks’ Lambda = .14).
The results are similar for temperature. The devel-

opment of scientific ideas associated with the
temperature water quality measure across the four it-
erations with the students who completed each ex-
planation (see Table 5 and Fig. 8) show, again, large

effect sizes over the four iterations with statistically
significant differences (Wilks’ Lambda = .19; F = 67.99
p < .0001).
Finally, conductivity results across iterations for Expla-

nations #3 and #4 show a statistically significant differ-
ence (Table 6) as well (F = 35.34, p < .0001; Wilks’
Lambda = .60) with large effect sizes.

Table 4 Students pH science ideas across an evolving explanation (n = 51)*

Mean SD Effect Size
Cohen’s dav

pH Ex1 Before Explanation framework 1.18 .79

pH Ex2 After Explanation Framework 2.51 1.30 Ex1-Ex2: 1.27

pH Ex3 After Feedback 4.08 1.59 Ex2-Ex3: 1.08

pH Ex4 After Additional Feedback 4.78 1.40 Ex3-Ex4: 0.47

Exp 4 compared to Exp 1 (before framework) Ex4-Ex1: 3.27

Exp 4 compared to Exp 2 (after framework) Ex4-Ex2: 1.16

*51 students completed all four iterations of the explanation that include pH

Fig. 7 Student pH scientific ideas across an evolving explanation (n = 51)
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Figures 6, 7 and 8 and Tables 4, 5 and 6 that show re-
sults from all students demonstrate that their scientific
ideas shifted from disconnected ideas, if ideas were uti-
lized at all, to highly connected organized knowledge
structures (integrated understanding) across the four it-
erations of the explanation. Each iteration resulted in
both more scientific ideas and more connections of the
relationships between those ideas. Analysis for gender
differences indicated no statistically significant differ-
ences (p < .01) across the four water quality measures (t
values ranged from .20 to .38).

Research question 2: knowledge of how to make use of
new scientific ideas in more sophisticated ways?
This question explored whether or not students learned
how to make use of scientific ideas that could then be
applied in new situations, examining how students

analyzed and incorporated new scientific ideas and rela-
tionships between ideas when showing how their evi-
dence linked to claims. In other words, would students
apply their earlier experiences to these new situations?
Each water quality measure – pH, temperature, conduct-
ivity, and dissolved oxygen – had distinctive scientific
ideas. Students used pH and temperature scientific ideas
both before and after knowledge of the Explanation
Framework. Several weeks later, students’ incorporated
scientific ideas related to the conductivity water quality
measure into their explanations. Dissolved oxygen ideas
were added a couple of weeks after that (See Table 2).
Therefore, additional water quality measures (conductiv-
ity and dissolved oxygen) were viewed as representing
new situations. Scores from the first time that students
wrote about pH and temperature ideas with knowledge
of the explanation framework (Ex2) were compared with

Table 5 Student Temperature science ideas across an evolving explanation (n = 51)*

Mean Std. Deviation Effect size Cohen’s dav

Temp Ex1 Before Explanation framework 1.24 .95

Temp Ex2 After Explanation Framework 3.27 2.09 1.34

Temp Ex3 After Feedback 5.20 2.71 0.80

Temp Ex4 After Additional Feedback 6.27 2.39 0.67

Exp 4 compared to Exp 1 (before framework) Ex4-Ex1: 3.01

Exp 4 compared to Exp 2 (after framework) Ex4-Ex2: 1.34

*51 students completed all four iterations of the explanation that include temperature

Fig. 8 Student Temperature Scores across Four Iterations of the Explanation
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scores from the first time that students wrote about con-
ductivity ideas (Ex3) and dissolved oxygen ideas (Ex4).
With regard to Paul’s work, Fig. 9 illustrates the con-

ductivity portion of the entire Water Quality Concept
Map (Appendix 4) with Paul’s initial scientific ideas re-
lated to conductivity mapped onto it. Paul’s pH score for
Explanation 2 (this was the first time writing about pH
after being introduced to the explanation framework)
was 3/6 points (See Fig. 3), but his score was 6/7 points
for conductivity (conductivity has more scientific ideas
and therefore was scored higher). Paul included many
more scientific ideas the first time he wrote about con-
ductivity compared to weeks earlier when writing about
pH. His initial ideas for conductivity were also more
connected. He illustrated more integrated understanding
of conductivity ideas when writing about them for the
first time compared with his understanding of pH ideas.
He was able to make much more use of scientific ideas
in his first attempt to explain the conductivity measure’s
relationship to the water quality of the stream than in
his first attempt to use scientific ideas to explain the pH
of the stream and its relationship to the stream’s water

quality. Through earlier experiences, Paul learned that
he needed to use scientific ideas when figuring out and
explaining different components of the stream
phenomenon.
To examine if all students’ developed an under-

standing of how to make use of scientific ideas and
apply them in new situations, the weighted mean rea-
soning scores for the first time students discussed sci-
entific ideas from each water quality measure after
they were knowledgeable in using the Explanation
Framework were used (see Table 7). The weighted
mean reasoning scores show that the explanations for
the four water quality measures showed a large effect
size and were statistically significantly different (F =
17.83, p < .0001; Wilks’ Lambda = .48). In fact, 18 stu-
dents in the study earned 7/7 points for their initial
conductivity scores, and like Paul, 13 additional stu-
dents scored 6/7 points.
The first time that students included conductivity (the

3rd water quality measure) and dissolved oxygen ideas
(the 4th water quality measure) into their explanations,
the number of scientific ideas they included and the

Table 6 Student Conductivity science ideas across an evolving explanation (n = 54*)

Mean Std. Deviation Effect size Cohen’s dav

Conductivity Ex3 New Evidence 4.19 2.08

Conductivity Ex4 After Feedback 5.42 1.77 0.65

*54 students completed iterations #3 and #4 that included conductivity

Fig. 9 Paul’s Explanation 3 (Ex3): First time Conductivity Concepts. Rubric Score 6/7 points
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relationships between those ideas and were statistically
significantly higher than the numbers included the first
time students incorporated pH and temperature ideas
(the first two water quality measures). All of these com-
parisons were made after the Explanation Framework
was introduced. Figure 10 illustrates these differences.
The first two points on the graph are pH and

Temperature, respectively. The third and fourth points
are conductivity and dissolved oxygen, respectively. Data
presented in Figs. 9 and 10 and in Table 7 provide evi-
dence that engaging in a process of learning how to
make use of scientific ideas (knowledge-in-use) through
earlier water quality measures (pH and temperature)
assisted students in making better use of new scientific
ideas with later water quality measures (conductivity and
dissolved oxygen). Students were able to apply their
learning to new situations. The results indicate that
knowing how to make use of scientific ideas to explain

why evidence supports claims needs to be learned just as
developing an integrated understanding of scientific
ideas needs to be learned.

Discussion
Engaging students in situations where they must apply
their understanding of scientific ideas to explain phe-
nomena and/or solve problems is essential in helping
students build an integrated understanding and apply
those understandings in new situations. This is a major
goal of science education worldwide (Finnish National
Board of Education, 2015; Kulgemeyer & Schecker,
2014; National Academies of Sciences Engineering and
Medicine (2019); NRC, 2012a; NRC, 2012b; OECD,
2016). Not only does this mean that students need to de-
velop integrated understanding of important scientific
ideas, it also means that they need to know how to make
use of their understandings. The research presented in
this study provides evidence of an instructional context
that helped students develop integrated understanding
as they simultaneously applied those understandings to
explain a phenomenon. The results demonstrate that
knowing how to make use of scientific ideas to explain
why evidence supports claims when explaining phenom-
ena needs to be learned just as developing integrated un-
derstanding of scientific ideas needs to be learned. These
findings provide support for the ideas that Pellegrino
and Hilton (2012) put forth (2012) – the challenge in

Table 7 Student Science Ideas - first time after introduction of
Claim, Evidence, Reasoning n = 52

Comparison: 1st time after Framework Effect size
Cohen’s dav

pH Ex2 & Conductivity Ex3 0.72

pH Ex2 & Dissolved oxygen Ex4 0.86

Temperature Ex2 & Conductivity Ex3 0.91

Temperature Ex2 & Diss Oxygen Ex4 1.08

pH Ex2 & Temp Ex2 done at the same time and therefore no compared

Fig. 10 Weighted Mean: First time incorporating scientific ideas for each water quality measure
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designing classroom instruction to assist students to-
wards deeper learning to “know how, why, and when to
apply knowledge …” (p.6). Many documents call for stu-
dents’ learning experiences to integrate practices, cross-
cutting concepts, and core ideas (NAC, 2019; NGSS
Lead States, 2013; NRC, 2012a). We also illustrate that
the development of knowledge related to disciplinary
core ideas in the study of water quality, scientific prac-
tices like constructing explanations, and crosscutting
concepts like cause and effect, can occur concurrently
and be supported through instruction. As such, this
work provides evidence to support a 3-dimensional
learning environment to promote understanding
(NASEM, 2018). The findings from this study show that
the iterative approach of the evolving explanation was
instrumental in supporting student learning (Novak &
Treagust, 2018). One such finding apparent in the re-
sults showed that students were able to apply those un-
derstandings when explaining new evidence based on
subsequent data collection cycles.

More integrated understanding over time
This study shows that, like experts (Chi et al., 1981; For-
tus & Krajcik, 2012; Hmelo-Silver & Pheffer, 2004; NRC
2008; Roseman, Linn & Koppal, 2018; Rottman et al.,
2012), students can develop integrated understandings
of scientific ideas and use those ideas to make sense of
and explain phenomena. Students need understanding of
scientific ideas in order to reason when they develop ex-
planations of phenomena. Reasoning is found to be chal-
lenging for young learners (McNeill & Krajcik, 2009). In
order to reason, however, students must have an under-
standing of scientific ideas. Our findings indicate that
students’ ideas were initially underdeveloped; at the be-
ginning of instruction students did not have well formu-
lated ideas, but as time went on and as students
continued to use those ideas our findings show that they
built more integrated understanding.
Most research reports that students develop multiple

explanations in a curriculum unit in order to explain dif-
ferent phenomena that focuses on the same scientific
ideas (Cavagnetto, 2010). This work goes beyond the
work of McNeill & Krajcik (2009) and others (Cavag-
netto, 2010) because of the iterative nature of construct-
ing one evolving explanation. We found that utilizing an
iterative approach, where students developed one
expanding, an increasingly sophisticated explanation
over time, assisted students to develop an integrated un-
derstanding of scientific ideas that can then be used to
justify evidence and support claims in an explanation
(Novak & Treagust, 2018). Just like McNeill and Krajcik,
(2009), Quintana et al., (2004), and Tabak (2004) we
found that synergistic scaffolds worked together to sup-
port students to build understanding.

The results of this study in the context of an evolving
explanation, are a unique contribution that can further
develop the field of research related to the importance of
engaging students in constructing explanations. The
project-based unit in this study included several scaf-
folds: the Explanation Framework (McNeill & Krajcik,
2011), classroom discussions, working with partners
using scaffolded guide sheets, and feedback from the
teacher (Pellegrino, Chedowsky & Glaser, 2001). These
scaffolds worked together to support students in their
data collection, data analysis, and development of expla-
nations. The substantial findings from this study indicate
that when students’ scientific understandings are pro-
gressively built over time, their use of appropriate scien-
tific ideas increased significantly with each new
experimental task and iteration of the explanation. Stu-
dents were able to move away from underdeveloped
ideas to make increasingly more connections among sci-
entific ideas and build more meaningful relationships to
develop more sophisticated understanding that moved
toward integrated understanding (Roseman, Linn, &
Koppal, 2008). In other words, as students gained more
experience in the practice of writing explanations,
through a process of constructing an evolving explan-
ation, and the synergy of various supports, they were
able to present a richer discussion of appropriate scien-
tific ideas. This pattern occurred for all of the water
quality measures explored in this study.
Learning complex ideas take time. Like other re-

searchers, we found that devoting time in the curricula
where students work on meaningful tasks, in the form of
iterative experiences (Fortus & Krajcik, 2012) using sup-
portive structures like the Explanation Framework, can
assist students to think more deeply about scientific
ideas. In this situation, students were synthesizing and
using those ideas (Krajcik & Shin, 2014) in the same way
as professional scientists, making sense of data to explain
a complex phenomenon. When students engaged in this
iterative explanation their knowledge became more so-
phisticated; in other words, their ideas became more
connected.

Do iterative processes assist students to know how to use
their learning in new situations?
Perhaps the most substantial finding of this study is the
comparison of students’ work for each water quality
measure the first time they wrote about scientific ideas
related to that measure and after they were familiar with
the Explanation Framework. As noted by Bransford and
Schwartz (1999), students need opportunities to use
their knowledge in new situations; this is exactly the
situation presented to the students in this study. For ex-
ample, the number of scientific ideas and connections
when students included conductivity ideas (the 3rd

Novak and Treagust Disciplinary and Interdisciplinary Science Education Research             (2022) 4:3 Page 18 of 22



water quality measure) and dissolved oxygen ideas (the
4th water quality measure) for the first time into their
explanations were significantly higher than the number
of scientific ideas and connections included the first time
that students incorporated pH and temperature1reason-
ing (the first two water quality measures). These results
provide evidence that students learned how to make use
of scientific ideas as part of an explanation of the
phenomenon. This research presents an example of a
context that allowed students to use knowledge by put-
ting students in situations where they must use their un-
derstandings to explain a phenomenon and/or solve
problems (NGSS 2013; NRC 2012; NRC, 2012b).
Assisting students to learn how to use their knowledge

in new situations is a challenge. When students wrote
about pH and temperature data (thermal pollution), they
were novices in the practice of writing explanations.
They also lacked connected scientific ideas and know-
ledge structures that prepared them to more fully utilize
scientific ideas when incorporating new evidence and
new scientific ideas into an existing explanation. The in-
structional context provided students with important ex-
periences for analyzing and understanding new contexts.
When analyzing and initially writing about conductivity
data and later dissolved oxygen data, students were more
familiar with the Explanation Framework; they had more
experience and received teacher feedback related both to
the framework and to scientific ideas related to pH and
temperature water quality. When using pH and
temperature for the first time, they had no conceptual
“hooks” (or limited hooks) to understand the
phenomenon. Consequently, writing about these two
water quality measures was the start of students building
integrated understanding around water quality. How-
ever, students were only beginning to develop integrated
understanding for water quality because they also lacked
experiences in making use of their knowledge. Our re-
sults show that once students had initial experiences and
then included new evidence related to new scientific
ideas, they incorporated appropriate and connected sci-
entific ideas much more than they did in their earlier it-
erations of the explanation. These findings support the
work of Bransford and Schwartz (1999). For conductivity
and dissolved oxygen measures, students had a concep-
tual structure to which they could attach these ideas.
The results suggest that students were able to apply their
learning, related to explanations, in making use of more
scientific ideas when using evidence to justify their
claim, and how to think more deeply about scientific
ideas by making connections among them, as they
gained more experience (See Table 7).

We interpret the results of this study to provide evi-
dence that these middle level students were able to suc-
cessfully develop scientific understanding about water
quality measures, and through their experiences, use sci-
entific ideas and justify the use of evidence. The students
were able to use their learning in new situations because
they developed a structure for thinking about and ana-
lyzing data as well as how to use scientific ideas. Conse-
quently, it was easier for them to connect the new ideas
to this structure.

Implications for teaching
Results from this study present several implications for
instruction. First, this study provides an example of how
teachers can use an evolving explanation to assist stu-
dents in using science ideas to explain a complex
phenomenon. Constructing an evolving explanation al-
lows students to revisit science ideas and to build on
those understandings. Constructing explanations is an
important scientific practice that is seen multiple times
throughout the New Framework for K-12 Science Edu-
cation (2012) and other documents including, Ready,
Set, Science, (National Research Council, NRC, 2008)
Taking Science to School, (NRC 2007), How People
Learn: Brain, Mind, Experience, and School (NRC, 2000),
the National Science Education Standards (NRC 1996),
the AAAS Project 2061 Benchmarks (1993), and Science
for All Americans (1989). Constructing an explanation
over time more closely mirrors the work of scientists. As
such, a curriculum is needed where students engage in
authentic, open-ended investigations. It is not enough
for students to learn about science ideas. Students need
to use ideas to make sense of phenomena to develop in-
tegrated understanding of science ideas, know how to
make use of those ideas, and then apply those under-
standings in new situations.
A second implication for teaching is the importance of

developing units and approaching instruction with the
framework that enables students’ understanding to de-
velop over time. Just as with any new undertaking, stu-
dents need multiple experiences that allow them to
develop an understanding of practices and of the rela-
tionships between various scientific ideas (Fortus &
Krajcik 2011; NRC 2000, 2013; Nelson & Hammerman,
1996) and of the relationships between various scientific
ideas. In addition, students also need support in this
challenging endeavor.
A related third implication is that teachers may see the

value of developing curricular units similar to the
organization of this healthy stream investigation where
students explore a complex phenomenon that necessi-
tates several cycles of data collection and analyses that
they use to construct one overarching explanation, over
time. The fourth implication for classroom practice is

1Explanation #2, after the Explanation Framework was introduced, was
used for the pH and temperature comparisons.
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the development a set of teacher strategies and scaffolds
to assist students throughout this process will be valu-
able for teachers and curriculum designers. Several
teaching strategies and scaffolds were incorporated in
this unit.
Finally, the process of developing students’ explana-

tions over a period time where new data are collected,
analyzed and incorporated into a scientific explanation
and where the teacher provides students with feedback
and students revise their explanations, we demonstrate
that knowing how to make use of scientific ideas to ex-
plain phenomena needs to be learned just as developing
integrated understanding of scientific ideas needs to be
learned. This study provides evidence that students used
new science ideas to explain new evidence in much
more sophisticated ways over time. The explanation
framework, along with other scaffolds, can support all
learners in this endeavor. Developing curriculum with
evolving explanations provides students with a more au-
thentic scientific experience that aligns with the Frame-
work for K – 12 Science Education.

Limitations of the study
This study was based on a carefully constructed curricu-
lar unit that was enacted in four classrooms, with one
teacher, and with a limited number of students. These
are all limitations to the study. While the results of the
study are promising, the next step is to examine this ap-
proach in other classroom situations.

Conclusion
The water quality of a stream to support life and the im-
pact that human activity on the land can have on water
quality presents an authentic and complex system that is
framed by the theoretical framework that guided the
study. To explore and explain this complex phenomenon
requires extended time and multiple opportunities for
learners to engage in using scientific ideas. The research
reported here examined the development of students’
scientific ideas across four iterations of an explanation
that included four water quality measures explored in
four separate episodes over a six-week period. For each
water quality measure that was revised over time, stu-
dents’ understanding and use of the associated scientific
ideas became more sophisticated, reflecting integrated
understanding. As well, for water quality measures that
were investigated later in the unit, students’ use of these
new scientific ideas to explain the phenomenon reflected
stronger integrated understanding, showing that stu-
dents prior experiences allowed them to know how to
use scientific ideas when explaining phenomena. The
significant learning gains exhibited by students in this
study provide an example of how to: (1) assist students
in the development of integrated understanding of

scientific ideas, (2) aid them in learning how to use those
understandings, and (3) apply their understandings in
new situations. This study has demonstrated that devel-
oping the understanding of a complexity of scientific
ideas and relationships between those ideas while also
knowing how to use those understandings are two pro-
cesses that are essential to explaining natural phenom-
ena; these elements can develop concurrently through
experiences provided to students during instruction.
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