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Abstract

Guiding teachers to customize curriculum has shown to improve science instruction when guided effectively. We explore
how teachers use student data to customize a web-based science unit on plate tectonics. We study the implications for
teacher learning along with the impact on student self-directed learning. During a professional development workshop,
four 7th grade teachers reviewed logs of their students’ explanations and revisions. They used a curriculum visualization
tool that revealed the pedagogy behind the unit to plan their customizations. To promote self-directed learning, the teachers
decided to customize the guidance for explanation revision by giving students a choice among guidance options. They took
advantage of the web-based unit to randomly assign students (N=479) to either a guidance Choice or a no-choice condition.
We analyzed logged student explanation revisions on embedded and pre-test/post-test assessments and teacher and student
written reflections and interviews. Students in the guidance Choice condition reported that the guidance was more useful
than those in the no-choice condition and made more progress on their revisions. Teachers valued the opportunity to review
student work, use the visualization tool to align their customization with the knowledge integration pedagogy, and investigate
the choice option empirically. These findings suggest that the teachers’ decision to offer choice among guidance options
promoted aspects of self-directed learning.

Keywords Curriculum customization - Professional development - Research practice partnership - Self-directed learning -

Knowledge integration

Teachers continually customize the curriculum based on
their students’ needs, classroom logistics, new standards,
and their memories of learning or teaching the topic in the
past (Drake & Sherin, 2006; Remillard, 2005). Successful
customizations benefit from dedicated time to review stu-
dent progress through the curriculum (Davis et al., 2017,
Kerr et al., 2006). When teachers draw on their expertise
to strengthen researcher designed materials, their customi-
zations can enhance the materials along with supporting
teacher learning (Gerard et al., 2010; Davis & Krajcik,
2005; Debarger et al., 2017; Littenberg-Tobias et al., 2016;
Matuk et al., 2015; Penuel, 2017; Ye et al., 2015). Research
teams vary as to their support for customization with some
primarily concerned about fidelity of implementation (Harn
et al., 2013). Customizing engages teachers in reflecting on
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specific instructional practices relative to evidence of stu-
dent learning. This can support teachers to develop links
between pedagogical moves within the curriculum and stu-
dent engagement or scientific thinking (Gerard et al., 2011;
Gess-Newsome et al., 2019; Matuk et al., 2015).

To investigate teachers’ curriculum customization for
self-directed learning (SDL), a key aspect of lifelong learn-
ing (Bolhuis, 2003), we designed a 2-day workshop. It sup-
ported teachers to customize a unit by jointly analyzing
logged student explanations and revisions from their teach-
ing of the unit the year prior and applying a pedagogical
framework. We designed the workshop using the knowledge
integration (KI) pedagogical framework which also gov-
erned the design of the unit and the assessment (Kali, 2006;
Linn & Eylon., 2011) and research on professional develop-
ment (Lewis et al., 2016; Penuel & Gallagher, 2009). Par-
ticipating middle school teachers from two schools started
with a research-tested web-based curriculum unit they used
the year prior and reviewed their students’ explanations and
revisions to formulate their customization goals. We made
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the KI pedagogical framework underlying the curriculum
design visible to support teachers in jointly planning peda-
gogically robust customization designs. We report on how
the teachers developed curriculum customizations to pro-
mote SDL, planned an empirical study of guidance Choice
in explanation revision, and implemented the study in their
classrooms. We describe the impact of the customized unit
on students’ learning.

Rationale

Knowledge Integration, Self-Directed Learning,
and Explanation Revision

The KI framework guided the design of the activities in the
workshop, the web-based curriculum unit that the teach-
ers used and customized in this study, and the assessments
of their students’ explanations. Building on constructivism
(Inhelder & Piaget, 1958), the KI framework capitalizes on
the variation in learners’ ideas about a topic. Longitudinal
and experimental investigations carried out over 25 years
revealed how learners refine the reasoning strategies they
use to build their own ideas (Linn & Hsi et al., 2000), while
also developing strategies for discovering alternative ideas
and reconciling these ideas into a coherent, evidence-based
understanding (Linn & Eylon, 2011). Four key processes
involved in developing integrated science understanding
emerged from these investigations: (1) eliciting learners’
current ideas, including encouraging learners to generate
the reasoning behind their ideas (Gunstone & Champagne,
1990); (2) discovering new ideas, for example, from sci-
entific models or peers (Sampson & Clark, 2009; White &
Frederiksen, 1998); (3) distinguishing among current ideas
and new discoveries (Clark, 2006; Wen et al., 2020), and
(4) reflecting on this repertoire of ideas and connecting and
sorting them into a coherent view (Liu et al., 2008; Winne,
2018).

These KI processes are central to revision of scientific
explanations in science classes. Students’ first approach
to forming an explanation elicits their ideas and the links
they make among them. Revision then involves students in
analyzing their understanding as reflected in their expla-
nation, distinguishing among their own and new ideas as
they discern gaps or overlaps in their ideas, discovering
new ideas as they seek evidence to resolve inconsistencies
or gaps in their explanation, and ultimately forming new
connections among their ideas to generate a more coher-
ent and robust, revised explanation (Berland et al., 2016;
Duncan et al., 2018; Rivard, 1994). Revision calls for self-
directed learning (Hmelo-Silver, 2004; Zimmerman, 2002).
To revise, students need to proactively evaluate the ideas
in their explanation, select and seek evidence to fill gaps or

distinguish among alternatives, and grapple with how new
ideas link to their initial expression (Berland et al., 2016;
Freedman et al., 2016; Hmelo-Silver, 2004; Zhu et al.,
2020; Zimmerman, 2002). Promoting students’ SDL in
explanation revision hence involves supporting students to
take ownership of their ideas and their use of KI processes
to deliberately refine their understanding.

Challenges of Guiding SDL in the Science Classroom

In most middle school classrooms, support for students to self-
direct their learning, particularly in the context of scientific
explanation, is rare (Bolhuis, 2003; Freedman et al., 2016).
Rather than encouraging students to take ownership for refining
their knowledge, classroom culture often encourages students to
express a new or different idea that they think is correct without
connecting or contrasting this idea with their initial explanation
(Chinn & Malhotra, 2002; Jimenez-Aleixandre et al., 2000). In
science classrooms, for example, research suggests that students
often make minimal or superfluous revisions to their written
explanations (Crawford et al., 2008; Sun et al., 2016). Further,
when students encounter conflicting information, without sup-
port to integrate their ideas, they often hold onto both views
simultaneously or defend and strengthen their own idea, rather
than reformulate their perspective (Gerard & Linn et al., 2022;
Mercier & Sperber, 2011; Nickerson, 1998). Reinforcing accu-
mulation of ideas rather than integrating ideas can lead to a
fragmented perspective where students may revert back to their
initial views and miss the opportunity to develop ownership
about refining their understanding (diSessa, 1988).

Designing Professional Development for Teacher
Customization of Curriculum

The professional development in this study drew on a
research practice partnership model to support teachers in
curriculum customization of a research-based Web-Based
Inquiry Science Environment (WISE) unit. We draw on
previous studies that guided science teachers in curricu-
lum customization within research practice partnerships
and have demonstrated positive impacts both for teacher
learning and instructional design (Gerard et al., 2010;
Brown & Livstrom, 2020; Forbes & Davis, 2010; Lewis
et al., 2016; Leary et al., 2016; Penuel, 2017; Penuel &
Gallagher, 2009). We focus on empowering teachers to
customize curriculum because teacher expertise can
strengthen the effectiveness of the curriculum materials,
and engaging in the customization process may augment
teachers’ knowledge of specific instructional practices for
SDL in science.

One line of work demonstrates the advantages of starting
the curriculum customization process with research-based
curriculum materials and supporting teachers to adapt them,

@ Springer



662

Journal of Science Education and Technology (2022) 31:660-679

rather than guiding teachers to create new materials from
scratch (Forbes & Davis, 2010; Penuel & Gallagher, 2009).
Other studies demonstrate that engaging teachers in analyz-
ing the knowledge and research underlying activities within
research-based curriculum materials can support teachers to
develop customizations and future lesson plans that incor-
porate the research-based pedagogical strategies (Roseman
et al., 2017; Tekkumru-Kisa et al., 2020).

Research has further documented the success of profes-
sional development programs that support teachers to engage
in cycles of planning and teaching a lesson, reflecting on stu-
dent work, customizing the lesson, and teaching the refined
version again (Fallik et al., 2008; Voogt et al., 2015). The
use of student work to support teachers in distinguishing
which curriculum customizations to pursue is a common fac-
tor in programs that resulted in positive impacts on teacher
learning (Gerard et al., 2011; Burton, 2013; Lewis et al.,
2016; Gess-Newsome et al., 2019).

The Present Study: Workshop for Curriculum
Customization

Based on the research reviewed in the Rationale, we
designed a 2-day workshop to support teachers to collabo-
ratively customize web-based science units, with a focus on
enhancing support for students to engage in SDL. It focused
on customization of the WISE Plate Tectonics unit as the

participating teachers had taught this unit during the previ-
ous school year and planned to teach it again in the upcom-
ing spring.

The workshop design implements the KI processes to
help teachers design customizations to promote SDL, as
shown in Table 1. First, the workshop elicited teachers’ ideas
to develop a shared definition of SDL. Next, the workshop
engaged teachers in reviewing their student work from the
prior year and identifying their goals for customization.
Teachers distinguished between aspects of the curriculum
that supported SDL and those that needed improvement.
They generated customizations that aligned with the defi-
nition of SDL they had formulated. Finally, the workshop
made the KI framework guiding the design of the focal unit
visible using the curriculum visualizer, as shown in Fig. 1, to
facilitate teachers in distinguishing how different customiza-
tion designs fit in the unit sequence for promoting student
directed engagement in KI processes.

Research Questions

In this study, we investigate (1) how did teachers in the
workshop develop customizations to a web-based curricu-
lum unit to improve support for SDL in revising scientific
explanations? and (2) what was the impact of the teachers’
customization design, guidance Choice, on their students’
learning outcomes?

Table 1 Key workshop activities, activity structure, and teacher customization for SDL.

Key workshop activity Workshop activity structure

Teacher customization for SDL

Eliciting ideas
Developing a shared definition of
SDL in middle school science

categories to define SDL

After reviewing the WISE curriculum unit they taught the year prior,
the teachers discussed: How do you know when your students are
engaged in SDL? What behaviors do you observe? Individually
record ideas on post-its; share with a partner and create emergent

A shared definition of SDL grounded
in teachers’ practice

Selection of explanation revision as
focus for curriculum customization

Each pair report out categories. Further merge and refine categories
to define SDL in middle school science classroom

Discovering ideas
Developing a rubric to categorize
students’ SDL behavior in

explanation revision revising

Examine your students’ logged explanations and revisions in the
WISE grading tool from the year prior. Identify examples to
illustrate the range of student engagement in SDL in explanation

Specific goals for customizing guidance
to promote SDL in revision

Generating guidance Choice
customization design

Based on this analysis, formulate a rubric to describe the levels of
students’ SDL behavior in explanation revision

Distinguishing and connecting
ideas

Using Kl color-coded post-its to
outline customization plans

The KI pedagogy underlying the design of each lesson in the plate
tectonics unit was made visible using notecards and colored post-it
notes [Fig. 1]. Teachers were given pre-authored notecard/post-its
outlining the current lessons in the plate tectonics unit, and blank
notecards and colored post-its to outline their customization design

Teachers were prompted: Use the blank notecards and colored post-its
to outline your customization plan and how each feature of the plan
engages students in self-directing a KI process. Then, integrate your

Refinement of guidance options to
enable students to choose which KI
process they need assistance in during
revision

Integrating the guidance Choice
design with the KI sequence of the
unit and creating an assessment of
its impact

customization plan (notecard/post-its) with the current sequence
of the unit as outlined in the pre-authored plate tectonics notecard/

post-its

@ Springer
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Lesson 4: Connecting ideas about
surface and interior of Earth

Description

Students apply new ideas about convec tion to
explain a novel phenomenon - a lava lamp. - and
then connect that back to inside of Earth. They then
observe how convection, plate movement and
geological events all connect.

NGSS PEs

MS-ESS2-2. Construct an explanation based on
evidence for how geo-science processes have
changed Earth’s surface at varying time and spatial
scales.

Pink = Elicit Ideas

Orange = Discover Ideas
Green = Distinguish Ideas
Blue = Connect or Reflect

Fig.1 A digitized version of the curriculum visualizer notecard
and post-its for one lesson in plate tectonics. A white note card rep-
resented the lesson in the unit and described the target standard.
Post-it notes, color coded for their KI pedagogical role, represented
each activity within the lesson [pink=elicit ideas; orange =discover
new ideas; green=distinguish ideas; blue=connect or reflect on
ideas]. By making the KI framework visible, the workshop sought

Methods
Teacher and Student Participants

Four 7th grade teachers from two public middle schools par-
ticipated in this study. Teachers were selected because they
(a) had taught the WISE Plate Tectonics unit the year prior
as a part of the research practice partnership, and they (b)
planned to implement the customized unit in the spring after
the workshop, and (c) they worked in public schools typical
of the state in that they serve diverse student populations.
All of the teachers were relatively new to WISE and the
customization process (Table 2). This was the first WISE
workshop and introduction to the customization process for

Step 4.3 Review related evidence

Description: Students receive automated adaptive guidance on
their explanation identifying a gap. Guidance prompts student to
review related evidence from earlier in the unit to revise their
explanation.

Purpose: Discover new evidence to create or modify links in
their initial explanation.

4.4 Distinguish relationship between temp and density.

Description: Students annotate a fictional peer’s (Sara)
explanation to the the Lava Lamp prompt, using pre-authored
labels. Labels focus on density and movement. Students place
the labels on Sara’s explanation to show Sara where to add
missing information as she revises.

Purpose: Distinguish among the ideas in the explanation to
determine what evidence is missing and how it links to the ideas
in the initial explanation.

to encourage teachers to consider how their customization design
would engage students’ in self-directing their KI process. For exam-
ple, while outlining a customization design on color-coded post-its,
the teacher may ask themself when selecting which colored post-it to
use: Is the goal of this step in my customization to help students take
ownership for discovering new ideas or distinguishing among their
current set of ideas?

two of the four teachers; it was the second workshop for the
other two teachers (the prior workshop focused on a differ-
ent unit).

The students of the three teachers who implemented
the unit (from school A) participated in this study [teacher
1 =155 students; teacher 2=170; teacher 3 = 154]. Students
of the teacher in school B were excluded from the study
because the teacher unexpectedly needed to have a substitute
teacher implement the customized unit in the spring.

Web-Based Science Curriculum

This research used a WISE unit “Plate Tectonics: What
Causes Mountains, Earthquakes and Volcanoes?” as the

@ Springer
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Table 2 Teacher and student demographics

School (No.  Years in prior Teachers’ years of experience N Students  School racial diversity School: students’ receiv-
of teachers) ~ WISE workshops teaching middle school science ing a free/reduced price
lunch
A(3) 1 Teacher 1: 7 years 155 66% Asian; 14% White; 8% 2 or 5%
1 Teacher 2: 10+ years 170 more races; 6% Hispanic; 4%
0 Teacher 3: 1 year 154 Filipino; 2% African American
B (1) 0 Teacher 1: 5 years 223 75% Hispanic; 9% African 89%

American, 3% Filipino; 3%
two or more races; 3% White;
2% Asian

focus of teacher customization in the workshop. The Plate
Tectonics unit has been tested and refined in prior research
(Gerard et al., 2010, 2019). In Plate Tectonics, students
investigate why there are more mountains, earthquakes, and
volcanoes on the West Coast (where this study takes place)
than on the East Coast of the USA. Activities are designed
to engage students in KI processes, as shown in Appendix,
Table 8.

Explanation Revision in WISE Plate Tectonics

The Plate Tectonics unit incorporates automated guid-
ance for two embedded explanation prompts to support

students in refining their understanding. Both prompts call
for students to link key ideas from the unit to form a robust
response. The lava lamp item for example prompts students:
Use your ideas about heat and density to explain how a
lava lamp works [video of lava lamp given]. WISE uses the
natural language processing tool c-raterML™, developed
by the Educational Testing Service (ETS), to automatically
score students’ written explanations to these prompts based
on a 5-point KI rubric. The rubric rewards students for using
evidence to make links among scientifically normative ideas,
as shown in Table 3. After a student’s explanation is scored,
WISE instantaneously assigns KI guidance based on the
score level.

Table 3 Knowledge integration rubric and adaptive KI guidance for lava lamp item

Key ideas: ideas about heat and density; heat and molecular movement; heat and movement; density and movement

KI score Level Example student response Guidance
1. Off task Student writes but it does not IDK
answer the question being asked
2. No links Only alternative or vague idea(s) When you make a lava lamp it has oil, and the =~ < Student names >, how does the
oil doesn't mix to the chemicals inside the temperature of the blob affect its
lamp, so the blob just moves around movement? Check out <here > for a
hint. Then, redo your explanation
3. Partial Normative idea, partially linked to ~ Lava lamps heat up the blobs of fluids and < Student names >, when does the
link other idea when that heat cools, it sinks and then density of the blob decrease? Check
another wave of heat will come sending out < here > for a hint. Then, revise
another blob of fluid up. It is a continuous your explanation
cycle
4. Full link Links two normative ideas in at When the blob heats up, it becomes less < Student names >, when does
least 3 key idea categories for one  dense and floats to the top, then when it the density of the blob increase?
direction cools down it thickens, causing it to sink Check < here > to get more information.
Then, expand your explanation
5. Complex  Links more than two ideas in at least The blobs change density and move from topto < Student names >, use your ideas about
links three categories for one direction, bottom because it becomes more dense than heat and density to elaborate why

with ideas in at least two categories
for the other direction

less dense. When the blob is at the bottom
it heats up and becomes less dense, so it
rises to the top of the lamp where it is not

as warm and becomes more dense and falls
back to the bottom. When this process repeats

it makes the blobs fall and rise frequently.
Creating the illusion of a lava lamp

the blob goes all the way up, and, all
the way down. Check < here > to get
more information. Then, expand your
explanation

@ Springer
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Testing the Teachers’ Curriculum Customization:
Guidance Choice

The teachers developed a curriculum customization in the
workshop, guidance Choice, to strengthen student engage-
ment in SDL. This grew out of teachers’ definition of SDL
in the middle school science classroom, jointly formulated
on day 1 of the workshop (see Table 1). This definition
was: “When a learner is motivated to: ask questions, rea-
son towards evidence-based conclusions, select strategies
that work best for them, determine when and from where
to seek guidance and feedback, communicate their under-
standing, evaluate and modify their strategies to meet their
learning goals.” Drawing on this definition, the teachers
identified guidance Choice and revision of scientific expla-
nations as illustrative of their SDL definition. Prompting
students to select guidance from a set of options and use
that guidance to revise would call for students to assess their
knowledge of plate tectonics, identify gaps in their reason-
ing, determine what type of support would help them revise,
and utilize available resources in the unit to improve their
understanding.

To test the teachers’ conjecture that giving students
guidance options to choose among would enhance SDL,

Fig.2 Student sequence for
both of the embedded expla-
nation revision activities,
mountain and lava lamp, in the
plate tectonics unit. Students
encountered the mountain
activities on approximately day
4 of the 8 days using the unit,
and lava lamp on approximately
day 6

Annotate Peer’s
Explanation

Choose Guidance

./\

Analyze Interactive
Animation

the teacher-researcher team created a comparison study. It
included two guidance conditions - guidance Choice or guid-
ance Assign.

The guidance Choice and guidance Assign conditions
were implemented in the teachers’ customized version of
the WISE Plate Tectonics unit as follows (see Fig. 2): All
students engaged in the two embedded explanation revision
activities in the Plate Tectonics unit, mountain and lava
lamp. For both mountain and lava lamp, all students began
by writing their explanation to the prompt. After writing
their explanation, students were randomly assigned to a con-
dition, guidance Choice or guidance Assign, based on their
unique WISE ID.

In choice, the student was prompted to “Review your
explanation. Choose which guidance would best help you
to improve your explanation: (a) Clarify the connections
among my ideas by helping a peer to revise, or, (b) Gather
new ideas by analyzing graphs of density and movement”
(lava lamp item prompt). Students were then branched based
on their selection. Students, who chose to help a peer to
revise, used the annotator (see Fig. 3). Students who chose
to analyze evidence were guided to explore a resource
selected by the teachers—an interactive animation of plate
boundaries (mountain) or graphs of a blob’s density and

Write initial Explanation

Random assignmen

Revise Explanation 1st time

i

Assigned adaptive Kl Guidance

|

Revise Explanation 2nd time

l

Written reflection on value of
the gudiance you chose or were
assigned
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movement (lava lamp). In assign, the student was assigned
by the computer to one of these two guidance pathways. On
the mountain item, students were assigned the annotator; on
lava lamp, students were assigned the graphs.

Next, all students were prompted to use what they learned
from the guidance to revise their explanation. They then
submitted the revision to receive one round of automated
guidance, and revise again.

Finally, all students, in both guidance conditions,
responded to a teacher-designed prompt asking students to
reflect on the value of the guidance they used in helping
them revise. Students reported if they felt the guidance was
helpful or not, and why.

Data Sources
Teacher Data

To analyze how teachers’ developed knowledge of SDL in
the workshop, we collected detailed field notes from two
researchers, individual teacher written reflections at three
time points, audio files collected during the workshop,
teacher generated artifacts in the workshop, and individual
teacher interviews conducted after teachers implemented the
customized unit.

We examined teachers’ individually written responses
to open-ended prompts asked in a pre-workshop survey
administered via Google (completed one week prior to the
workshop) and in end-of-the day questions embedded in a
WISE Workshop unit on day 1 and on day 2. At the end of
the workshop day 1 and day 2, teachers were asked to spend
20-30 min writing responses to the prompts. We selected
the prompts for analysis that elicited comparable ideas about
SDL at each time point to analyze.

We transcribed the audio-recording of the teachers’ dis-
cussion as they analyzed their students’ logged explanations
and revisions from the year prior to formulate a rubric of
SDL behavior and then began to generate unit customiza-
tions. This recording was selected for analysis because it
included the clearest focus on the teachers’ conceptualiza-
tion of SDL in the Plate Tectonics unit, and we could best
hear each teacher’s voice in the discussion. A second audio
file from one pair of teachers as they used the post-its and
notecards to design a customization was used to supplement
the field notes. This recording was used supplementally
with the teachers’ digitized notecard/post-it design, and the
field notes, as the teachers’ voices were inaudible in some
sections.

Student Data: Learning and Reflections

To examine student learning and reflection, we collected
[in this order] a pre-test, lava lamp embedded assessment,

@ Springer

embedded assessment of student reflection on using guid-
ance to revise, and a post-test. We selected the lava lamp
embedded assessment and students’ reflections following
the lava lamp item for analysis based on the assumption that
students would make a more informed guidance Choice after
having experienced the guidance Choices one time prior (on
the mountain explanation revision activity).

Lava Lamp Embedded Assessment The lava lamp embed-
ded assessment occurred three-quarters of the way through
the unit (approx. day 6 of 8). All students generated their
initial explanations in response to the lava lamp prompt and
had two opportunities to revise. In the Choice condition,
students wrote their initial work, selected guidance, and then
revised. Students in the Assign condition followed the same
sequence, except that instead of choosing their first round
of guidance, the guidance was assigned by the computer.
Students in both conditions received one additional round
of automated KI guidance on their revised response (after
choosing or being assigned guidance and revising). The KI
guidance was assigned adaptively, based on the automated
score of their revised response. We used the students’ sec-
ond opportunity to revise as the measure of SDL. The first
opportunity to revise varied the guidance (choice/assign),
with the choice condition hypothesized to build student abil-
ity to use SDL in revision. Thus, the student response to
the second round of guidance provided an equal compari-
son across conditions for students to demonstrate SDL in
revision, thereby capturing the impact of choice on SDL in
explanation revision.

Reflection on Self-directed Learning When Using Guidance
to Revise After students received two rounds of guidance
on the lava lamp embedded assessment and had two oppor-
tunities to revise, they were asked to reflect on the value of
the guidance that they chose, or that they were assigned,
in helping them to revise. Students in the choice condition
were asked: “Did the guidance you chose help you in the
process of revising your explanation? [select among: help-
ful, sort-of helpful, not really helpful]” and “Explain why.”
We chose these three options by envisioning how students
might respond if we asked them this question in person. We
also limited the options to three levels to ensure that students
would be able to discriminate among them. This question
was slightly modified for students in the assign condition, to
ask about the guidance they were assigned by the computer.

Mt. Hood Pre-test/post-test Iltem Students completed the
pre-test 1 day prior to all students starting the unit in a class,
and the post-test 1 day after all students completed the unit.
The item was designed to measure students’ KI by asking
students to explain how Mt. Hood was formed given a pho-
tograph and location. The item calls for students to integrate



Journal of Science Education and Technology (2022) 31:660-679

667

ideas about plate density, plate interaction, and convection
processes into a coherent written response, as shown in
Appendix Table 9.

Data Analysis
Teacher Data

Two researchers used emergent coding to develop under-
standing of how teachers supported by a workshop devel-
oped knowledge of SDL in the science classroom, and how
they used this knowledge to customize a web-based unit
to strengthen opportunities for students’ SDL. To examine
how teachers developed knowledge of SDL, the researchers
jointly selected questions from the pre-workshop survey and
WISE workshop unit that were designed to elicit teachers’
conceptions of SDL and what was illustrative of SDL in
their science classroom. We dropped two of the questions
after the initial round of coding, because the responses were
too different at each time point to make comparisons. This
resulted in a data corpus including individual teacher writ-
ten responses to a total of 5 questions across 3 timepoints: 2
questions at pre-workshop, 2 questions at workshop day 1,

and 1 question at workshop day 2 (questions in Appendix,
Table 10). Because we wanted to examine changes in teach-
ers’ conceptions of SDL from before to during the workshop,
we used the teacher as the unit of analysis. This meant that
when a teacher gave two responses at a single time point,
in response to different prompts for instance, we coded the
two responses holistically to characterize the teacher’s views
about SDL in science.

First, the two researchers reviewed all of the data together
using an initial draft of an emergent coding rubric that was
developed by one of the researchers and had undergone
refinement based on meetings with the larger research
team. Researchers used this rubric to jointly code the data
from one teacher across all three time points and refined the
rubric while doing so. This results in the rubric shown in
Table 4. Next, we used this refined rubric to code the data
separately. Each researcher gave each teacher response at
least two codes: one for “who is mostly directing the behav-
ior” (teacher/computer or student) and one (or multiple)
for “each type of behavior” they identified as illustrative of
self-directed learning. This meant there were a total of 22
data cells with codes: two cells per four teachers at each of
three time points (there were two missing codes from one

Table 4 Rubric for coding
teachers’ conceptions of SDL in

Who is directing the behavior?

the science classroom

Mostly the teacher or computer. The majority of the student activity described is structured by the teacher

Mostly the student. The student is constructing the task (asking their own questions, making choices about

direction of learning)
SDL behavior description
Conducting investigations
Ask their own questions

Analyzing data to answer own questions

Analyzing data [vague or directed by teacher]

Seeking evidence

Seek and select evidence for their question

Answering given questions using video/reading/internet;

Writing a summary from a reading

Use and analyze given evidence to form conclusions

Working with different peers in an investigation

Evaluating understanding/seeking guidance

Applying right/wrong feedback

Identifying and using information to revise your explanation'

Determining when to seek guidance

Determining what guidance or resources to seek to address gaps in knowledge

Self-assessing understanding, progress, or engagement in SDL

Peer feedback
Disposition during learning

Making choices about learning pathway

Following directions/on task

Motivated, engaged in the learning process

Following a computer directed, adaptive pathway/direction

@ Springer



668

Journal of Science Education and Technology (2022) 31:660-679

teacher who did not respond on the pre-survey). Researchers
compared coding; there was agreement on the codes for 19
of the 22 data cells resulting in an agreement level of 86%.
The 3 cells containing codes on which researchers disagreed,
involved disagreement on categorization of one of the mul-
tiple SDL behaviors reported by a teacher; researchers dis-
cussed these 3 to come to consensus.

After coding the written workshop responses, the two
researchers separately applied the same coding rubric to the
transcript of teachers discussion as they jointly analyzed
their students’ logged explanation revisions from the year
prior to generate an SDL rubric and curriculum customiza-
tion ideas (see Table 1). More specifically, researchers coded
the transcript to identify how teachers distinguished their
criteria for what counts as an SDL behavior versus more
teacher or computer directed behavior. Using the rubric each
of the two researchers, separately, identified episodes in the
transcript where they saw evidence of teachers distinguish-
ing a self-directed learning behavior and coded that episode
with what kind of behaviors teachers were distinguishing
between (e.g., student following directions versus student
selecting a pathway). The researchers also used the teacher-
generated rubric to inform interpretations of how teachers
were distinguishing characteristics of SDL in the transcript.
Researchers compared coding. Agreement was at 100% for
identification of the episodes in the transcript giving evi-
dence of distinguishing SDL behaviors (identification of 6
episodes), and 83% on the coding of what SDL behaviors
teachers were distinguishing between within those episodes
(agreement on five of the six episodes). Researchers dis-
cussed the coding to reach agreement on the one disagree-
ment and to elaborate the reasoning for the coding for all.
Last, researchers jointly examined the post-implementation
teacher interviews to gain deeper insight into the teachers’
perceptions on the customization design and its application
in their classrooms.

Student Data: Student Reflections on Guidance Used
to Revise

To analyze how students perceived the value of the guidance
they selected or were assigned, we coded students’ logged
reports of whether they found the guidance helpful (coded
1) or, sort-of helpful or not really helpful (both coded 0),
in terms of supporting them to revise. We coded “sort of
helpful” as a 0 since the majority of the written reflections
suggested uncertainty about the utility of the guidance (e.g.,
“I am not sure because it gave me no helpful feedback; I
wasn’t sure on how the feedback related to my answer; I
am not very sure because there wasn’t much explanation
on what to improve on the feedback given”). A chi-square
test of independence was then used to examine if there was
a relationship between the frequency of students’ reporting

@ Springer

that the guidance was helpful in supporting them to revise
and the guidance condition (choice/assigned).

Student Data: Impact of Guidance Choice on Student
Learning

Students’ initial and final explanations for the lava lamp
embedded assessment and pre-test and post-test explana-
tions for the Mt. Hood items were scored using KI rubrics
[Table 3, Appendix Table 9]. Rubrics measure the links
students make among normative science ideas (Liu et al.,
2008). For both items, the data were first scored by the
computer using c-raterML™.! The data were then sorted
into score-based categories, and a researcher checked the
scores, modifying when inaccurate. If questions arose, the
researcher discussed the score with one other researcher
until reaching consensus.

To examine the impact of guidance condition and time
(initial to revised; pre-test to post-test), we used repeated
measures ANOVA for both students’ initial and revised
scores on the embedded item and their scores on the pre-/
post-test item. In both, we used the score as the within sub-
jects repeated variable, and the assigned or choice guidance
condition as the between subjects variable. STATA 13.1 sta-
tistical analysis software was used.

Results

How Did Teachers Develop Knowledge of SDL
in a Workshop?

Teachers’ Conceptualizations of Self-Directed Learning
in the Classroom

The analysis of the teachers’ written responses at pre-work-
shop and workshop days 1 and 2 indicate a shift in teachers’
conception of SDL in the middle school science classroom.
As shown in Table 5, teachers moved from an initial charac-
terization that emphasized students demonstrating on-task
behavior or following directions (e.g., correcting answers,
following a computer-directed pathway) as well as engaging
in teacher-directed tasks aligned with science learning such
as analyzing provided data or summarizing information.
At the end of workshop day 2, their conception had
shifted to emphasizing student ownership of the science

! The crater ML models used to automatically score the student
explanations in plate tectonics have demonstrated sufficient quadratic-
weighted kappas (Kqyw) [M1. Hood Kqy =.861, Mountain Kqy =75,
Lava Lamp Kqy=.81], indicating sufficient agreement between the
computer-assigned score and a human-assigned score (Author et al.,
2016a).
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Table 5 Teacher reported
behaviors that illustrate their
conception of SDL in the
science classroom across 3

Teacher reported SDL behaviors

Number of teachers who reported at:

Pre-workshop  Workshop Workshop
day 1 day 2

timepoints

Mostly teacher or computer directed [or vague]

Answering given questions using video/reading/internet
Writing a summary from a reading
Analyzing data [vague or directed by teacher]

Applying right/wrong feedback
Following directions/on task

Follow a computer directed pathway

N = NN = =

Use given evidence to form conclusions 1

Peer feedback
Mostly student directed
Ask their own questions

Analyze data to answer their own questions 1

Seek and select evidence for their question 1

Working with different peers in an investigation 1 2

Identify and use info to revise your ideas or explanation
Determine when to seek guidance

Determine what resources to seek to fill gap in knowledge
Self-assess understanding or progress

Make choices about learning pathway 1

Motivated, engaged in the learning process

[ & T NG T

learning process. This was expressed in their articulation of
behaviors such as students making choices about the next
step in their investigation or selecting what guidance would
help them progress. This was also expressed in the teach-
ers’ expressed rationale for these behaviors, in that they
identified students were driven by their own motivation and
engagement in learning the science topic. Teachers’ char-
acterizations recognized similar science learning behaviors
such as analyzing evidence and refining their understanding
as they had articulated in the pre-workshop survey. These
behaviors were modified however to place the reflection and
decision making on the student rather than the teacher or
computer.

Distinguishing Student SDL Behaviors: Analyzing Student
Work

Teachers distinguished the types of behaviors illustrative of
student directed learning, versus “doing school” in their sci-
ence classrooms, as they analyzed their students’ logged expla-
nation revisions from the year prior to generate an SDL rubric.
As illustrated in Table 6 teachers distinguish specific examples
of how students grappled with integrating their existing and
new ideas, or did not, when revising their explanations.
Teachers distinguished among student behaviors to char-
acterize each level of the rubric. They distinguished between
examples of when students are motivated to refine their

understanding, compared to motivated for a score or com-
pletion. This led to their definition of their students’ SDL as
absent when “They [students] review their explanation and
decide it is OK, they don’t see any gaps. They may add a
sentence for example just to move forward.”

Teachers distinguished between examples of students
using guidance to explore a new idea or integrate a new
idea into their explanation, versus adding an idea they were
told to. They characterized this level for SDL behavior as
“Emergent.” “[Students] answer the question in the auto-
mated guidance but they don’t fluidly connect to what they
said in their first response.” One teacher expressed that in
the “emergent” level, students “show directed learning. They
answer the question in the feedback, there is no synthesis of
the new ideas.”

The teachers contrasted emergent SDL behaviors, with
what they described as evidence of students “Developing
SDL.” This was evidenced by students who “add a partial
idea about the mechanism” when revising their explanation,
or “they incorporated evidence or some kind of data.” Teach-
ers defined the highest level of student-led behaviors when
students engage in self-assessment and spontaneously seek
evidence, distinct from when a student follows directions
to examine certain information. Coupling these SDL crite-
ria with technology affordances in the WISE platform, the
teachers began rapidly generating ideas for customizing the
computer-based guidance in the Plate Tectonics unit.

@ Springer
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Linking SDL Criteria to Customization: Generating
the Guidance Choice Design

In their first design ideas, teachers suggested modifying
previous teaching strategies they had used in the classroom
(e.g., sentence frames; claim evidence reasoning), to cre-
ate guidance that responded to common writing challenges
they observed in their students’ work. The customization
designs were considerate of the challenges they observed in
students’ logged revisions when developing the rubric. This
was mainly that many students were not likely to engage
in self-directed revision spontaneously. The designs hence
offered students more structure and guidance—and subse-
quently, less opportunity for student decision making than
the teachers’ conceptualizations of SDL had expressed. For
example, as one teacher suggested, “I am thinking we can
use these explanation writing tools...So before they write
their explanation, they have a step by step activity to fill out,
to refresh their memory. What boundary? What mechanism?
Like a guided writing.”

Teachers then moved to an idea to offer students guid-
ance Choices, as they recognized the many different types of
guidance students may benefit from. Rather than only having
the computer assign guidance, guidance Choice, the teachers
conjectured, would enable students to reflect on their initial
explanation and select what type of guidance (among a set of

Lesson 4: Connecting ideas about

surface and interior of Earth
Current unit: Plate Tectonics
Grade level: 7th

Description

Students apply new ideas about convection to
explain a novel phenomenon - a lava lamp. They also
observe how convection, plate movement and

given options) would best help them to improve. The WISE
technology could facilitate students’ choice using branch-
ing, allowing each student to select their type of guidance
to revise.

Teachers then used the color-coded KI post-its to out-
line their customization ideas, and while doing so, distin-
guishing what KI process each guidance approach targeted
(Figs. 1 and 3). They connected a writing guidance option as
a method for helping students to distinguish among the ideas
in their explanation to determine which are supported by evi-
dence and which need reformulation. This would ultimately
help students modify their initial explanation to incorporate
new ideas when revising. Teachers connected a content guid-
ance approach as a method for helping students discover
new ideas to incorporate by examining relevant evidence.
This design reframed guidance Choice as a way to help the
student determine where in the KI process they needed the
most support: distinguishing among their existing ideas, or
discovering new ideas.

Researchers and teachers discussed the possible technol-
ogy tools to utilize, showing examples of tools embedded
within other web-based units. To scaffold students in distin-
guishing among their ideas, teachers selected the annota-
tor. It guided students to help a fictional peer revise their
explanation to the same prompt, modeling distinguishing
which ideas in an explanation to modify (Fig. 3; Gerard

you impt
To help the student distinguish the gap or incorrect ideas in their

explanation, student chooses guidance:

To clarify my ideas...help a peer revise
To gather new ideas, examine graphs

Why did you choose this guidance?

geological events all connect.

4.4A Discover ideas: Analyze graphs

of density and movement
Review evidence to fill content gaps in
explanation

NGSS PEs

MS-ESS2-2. Construct an explanation based on
evidence for how geo-science processes have
changed Earth’s surface at varying time and spatial
scales.

4.4B Clarify Ideas: Critique a Peer’s
Explanation

Use labels to tell Sarah how to
improve her explanation

Reflect on the guidance you chose - did you make a more helpful choice
this time?

Prompt the student to reflect on what kind of guidance is most helpful for
them, when - gathering new ideas verus clarifying ideas - and why

Fig.3 The digitized version of teachers’ guidance Choice customiza-
tion, drafted using the color coded post-its that make the KI pedagogy
and opportunities for self-directed learning visible [pink =elicit ideas;

orange =discover ideas; green=distinguish ideas; blue=connect or
reflect on ideas; smiley face =self-directed learning opportunity]
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Sara’s essay has
missing ideas.

0‘2< ) -l
&/ﬁg Sara’s Mountain Range Explanation

1. MOVE the dot of the
label where you think
Sara should ADD the
suggested idea.

2. If you have another
comment to help Sara
improve her
explanation, write your
own label.

The mountain range was forme
Earth’s crust moved agaifst each other.

Think about plate density. Check out the graph in Step 3.5
etause two plates on top of

The oceanic plate collided with the continental plate.

As they collided it made a mountain.

Think about how the plates interact. Check out the animation in Step 3.6

Fig.4 The annotator prompts a student to critique a fictional
peer’s explanation written in response to the same prompt that they
responded to. Pre-authored comments are provided in the label boxes
on the bottom. The student drag-and-drops each comment to the part
of the peer’s explanation where they think the peer should consider

et al., 2015). The teachers chose the annotator because it
also aligned with one of their guidance for SDL criterion:
encourage students to take advantage of their peers’ ideas
(Fig. 4).

For the “discovering ideas” guidance Choice, the teachers
identified what they viewed as the most promising resource
aligned with the scientific gaps they had observed in their
students’ explanations. They reviewed multiple open-edu-
cation resources looking particularly for web-based ani-
mations. They evaluated each of the animations based on
their scientific accuracy, alignment with instruction, nov-
elty to students, and grade-level reading requirements. They
selected one from the PBS website using these criteria.

Last, to encourage students to reflect on how they choose
guidance that addresses their needs when revising, teachers
also designed an additional step for students to complete
after they revised. A prompt would ask students to reflect on
how the guidance they chose supported them in improving
their explanation.

Teachers Explore Guidance Choice Impact
on Students’ Learning

The teachers’ hypothesized that giving students the oppor-
tunity to select between these two guidance Choices would
enable their students to take greater ownership for revising
their scientific explanations and lead to greater knowledge
integration in their revised responses. We examine how
guidance Choice, versus having the computer assign guid-
ance, influenced what guidance students’ used, their reflec-
tions on the value of the guidance, and the impact of the
guidance on their learning.

@ Springer

revising their explanation to incorporate a new idea suggested by
the comment. Prior research demonstrated that the Annotator helped
clarify for students, how to revise a written explanation in science
(Gerard & Linn, 2022).

Students’ Guidance Selections

On the lava lamp explanation, students in the guidance
Choice condition were more likely to select guidance to
“gather new ideas by reviewing graphs” (n=154, 64%), than
to “clarify ideas by reviewing a peer’s explanation” (n =87,
36%). Students’ reported that they believed graphs would
better help them elaborate their explanation with additional
information (e.g., “I chose to review graphs to make my
explanation better with more research and facts™). Students
also reported choosing graphs, because they believed graphs
were a more objective and hence useful resource, whereas
they framed peers as a less reliable resource. For example,
one student reflected: “I chose this because I think charts
tell the right information rather than a peer telling their own
personal option.”

Student Reflections on the Value of the Guidance

Students in the guidance Choice condition were significantly
more likely to report that the guidance was helpful in sup-
porting them to revise (n =240, 65%) than students in the
assign condition (54%) [X2(1)=5.48, p=.02]. In written
reflections, students in the choice condition reported that
they selected guidance that aligned with their needs. A stu-
dent who selected to review evidence distinguished why this
was more helpful for them than reviewing a peer’s explana-
tion: “When I look at images, or animations, I can ...actually
see and connect how the density of the blob and the position
of the blob over time is connected. The way someone else
describes it may not be the way I would describe it myself
so it would be harder to understand.” Another student who
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Table 7 Embedded lava lamp explanation KI scores

Condition N Initial Final Revision gain
Assigned 231 3.67 (1.12) 4.06 (1.07) 40 (.70)
Choice 241 3.63 (1.01) 4.17 (1.02) .54 (.80)

chose to annotate a peer’s work reflected, “Yes [the guidance
was helpful]. I realized I had enough ideas, I just needed to
express more.”

Student Learning Gains on the Lava Lamp Embedded
Assessment.

Across all participants in both guidance conditions there
was no significant difference between the types of guidance:
reviewing evidence or clarifying writing. Thus, participants
were able to use each type of guidance for learning.

For the lava lamp explanation, a repeated measures
ANOVA indicated that students in both the choice and
assign guidance conditions used the guidance to significantly
improve their lava lamp explanation from initial to revised
score [F(1,471)=185.46, p<0.001, d=1.26; see Table 7 for
scores]. Further, there was a significant interaction between
the guidance condition [choice/assign] and student KI score
from their initial to revised explanation [F(1,470)=4.41,
p=.036,d=.19]. The Cohen’s d of 0.19 is a medium effect
size based on distribution of 1,942 effect sizes from edu-
cational interventions (< 0.05 =small; 0.05-0.2 = medium;
0.2 > large; Kraft, 2020).

As shown in Fig. 5, both guidance formats enable stu-
dents to improve their explanations. Students displayed a
partial understanding at their initial explanation meaning
they expressed a normative but isolated idea (KI of approxi-
mately 3.5). They used the guidance in both conditions to

w B »
© o o
7 ' L

Knowledge Integration Score
w
>

move to an integrated understanding, meaning they linked
two normative ideas in their revised explanation (KI score
of 4).

Also shown in Fig. 6, the choice of guidance options
increase the quality of students’ explanation revisions. The
range of gain scores is more concentrated at zero in the
assign condition meaning students revised but did not move
up a level in the KI rubric. The gains are spread wider above
zero in the choice condition meaning more students were
able to use the guidance to integrate a new idea. In sum,
it appears that adaptive guidance overall impacts student
progress, and choice of guidance options can strengthen stu-
dent learning in the revision process. This may be because
students take more ownership in revision when they are able
to decide what type of guidance to pursue, as suggested by
the analysis of student reflections on the impact of guidance.

To examine whether the students’ initial level of KI mod-
erated the effect of the guidance conditions as in previous
studies on automated guidance (e.g., Beal et al, 2010; Raz-
zaq & Heffernan, 2009; Roll et al., 2014), we split students
into two prior KI groups: those who initially displayed low
KI on their lava lamp explanation (initial score 1-2; meaning
they expressed only inaccurate or overly vague ideas about
convection) and those who initially demonstrated partial or
full KI on their explanation (initial score 3—5, meaning they
displayed at least one accurate and relevant idea). Among
the students who displayed low KI on their initial lava lamp
explanation, the revision gains of those in the choice condi-
tion were substantially larger than those in the assign con-
dition [assign, n=41, M=0.59, SD=0.84; choice, n=44,
M=0.91, SD=1.05]. In contrast, for students who initially
demonstrated partial or full KI on their explanation, the
revision gains in guidance Choice and assigned were more

Condition (0 = assigned, 1 = choice)

0
1

T T

Initial

RM Lava Lamp Explanation

Revised

Fig.5 KI gain from initial to revised explanation in the two guidance conditions
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Fig.6 Distribution of KI gain in
the two guidance conditions 3 -

Gain

comparable [assign, n=190, M =0.36, SD=0.67; choice,
n=197, M=0.46, SD=0.70]. This suggests that guidance
Choice may be most beneficial for students who demonstrate
incorrect or vague ideas on their initial explanation. Replica-
tion is needed to further test this finding.

Student Learning Gains on the Mt. Hood Pre-Test/Post-Test
Assessment

A repeated measures ANOVA indicated that students in both
conditions improved significantly from pre-test to post-test
[F(1, 465)=1393.06, p=.0000; see Appendix Table 11 for
scores]. There was no effect of the guidance condition.

Teacher Reflections on Impact of Guidance Choice
Customization

In their interviews post implementation of guidance Choice,
teachers reported their belief that student choice strength-
ened students’ engagement in explanation revision. One
teacher remarked: “Students felt empowered and excited by
the choice. They eagerly engaged in their chosen activity.”
Teachers also observed limitations of the guidance Choice
design. All teachers, for example, reported that when choos-
ing the guidance option to “clarify the connections among
their ideas by helping a peer revise”, students were disap-
pointed that they were helping a fictional student and not an
actual classmate. Teachers identified ways to improve the
guidance Choices for the next use. One suggestion focused
on making the description of the choices more accessible;
some students did not know what “clarify connections”
meant. Both teachers suggested making the annotator guid-
ance adaptive, so a student would be given a fictional peer’s
explanation to review that included ideas, different or more
sophisticated than their own. Teachers also suggested adding
a third option to adaptively assign students to work directly
with a classmate.

@ Springer

Condition (0 = assigned, 1 = choice)

Limitations

The exclusion of student data from school B due to the
teacher not being able to implement the customized unit
limited the diversity of the student population with whom
the unit was tested. To increase generalizability, the results
of this study would benefit from replication with additional
teachers and schools.

Discussion and Implications

Customization of web-based materials to strengthen self-
directed learning (SDL) enabled both teacher and student
learning. When teachers used evidence of student work
and a research-based instructional framework, they formu-
lated customizations that responded to their students’ chal-
lenges in revising scientific explanations. Further, they were
empowered to design a guidance comparison study, and they
gained insight into ways to support student engagement in
directing their revision process to promote SDL.

Promoting SDL during classroom instruction has chal-
lenged educators, researchers, and curriculum designers
(Bolhuis, 2003; Fallik et al., 2008; Hmelo-Silver, 2004).
This study shows the benefit of enabling students to choose
among guidance options designed by their teachers based on
evidence of student work and KI pedagogy. Students were
more likely to judge the guidance as helpful when they made
a choice rather than having guidance assigned. Further, those
making a choice made significantly more integrated initial
revisions than those assigned guidance.

This work identified professional development workshop
activities that advance teachers’ ability to customize web-
based curriculum for SDL. First, collaboratively develop-
ing a definition of SDL by drawing on their own contexts,
building on each teacher’s analysis of their students’ prior
work, and incorporating KI pedagogy led to a set of shared
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criteria for SDL. These criteria enabled the teachers to
develop a rubric for scoring student SDL in the context of
revision. Second, applying the KI pedagogy underlying the
curriculum design to rearticulate and refine their customi-
zation designs reinforced the teachers’ pedagogical content
knowledge. This finding aligns with studies documenting
the positive impacts of principled teacher customization on
teaching practices and lesson plan design (Debarger et al.,
2017; Penuel & Gallagher, 2009).

This study extends prior research by demonstrating the
benefits of customization on both teacher and student learn-
ing. It demonstrates how teachers advance their knowledge
during customization within a research practice partnership
as they link evidence of student learning, with specific goals
for SDL, and pedagogical choices. It shows how teachers’
customization designs impacted student science learning.

Teachers in partnership with researchers implemented a
comparison study to investigate the impact of their guidance
Choice customization. The use of a comparison study to test
the teachers’ pedagogical conjecture instantiated in their cur-
riculum design provides a springboard for teachers’ contin-
ued learning from the customization process. When teachers
engage in cycles of curriculum customization and testing,
they have the potential to develop what Bereiter described
as “practical principled knowledge” (Bereiter, 2013; Janssen
et al., 2015). By designing customizations that instantiate
teachers’ conjectures about instruction, testing them in their
classrooms, and reflecting on the results, teachers may form
new insights and become empowered to continue to test new
ideas to improve instruction in their classroom.

Previous research has identified the benefits of instruction
that promotes SDL, yet also the challenges of facilitating this
approach in science classrooms (Fallik et al., 2008; Hmelo-
Silver, 2004). This study suggests that teachers can take
advantage of advances in web-based authoring tools coupled
with the broadening repertoire of research-tested, web-based
science activities to make opportunities for student choice
in classrooms more feasible. Empowering students to be
self-directed in the activities they pursue and the way they
communicate may motivate students to take responsibility
for developing knowledge (Cordova & Lepper, 1996; Kamii,
1991). In this study, teachers’ implementation of choice in
the revision process led to greater student learning gains on
the embedded assessment, consistent with teacher and stu-
dent reflections that choice increased student engagement or
motivation. Overall, pre-test to post-test student gains were
significant, and the same across guidance conditions. This
may reflect teachers’ attention to student thinking during

customization and subsequently when teaching the unit. This
suggests that the teachers’ customization of their instruction
when teaching the customized unit had a greater impact on
student outcomes than the guidance conditions. The con-
jecture that engaging in the customization process impacts
teaching strategies when implementing the customized unit
has evidence from prior research (Gerard et al., 2010). We
will further explore this impact, utilizing observations and
interviews during implementation to disentangle the impacts
of the curriculum and teaching strategies. This will inform
in future workshops if and how to allocate time to instantiat-
ing the curriculum customizations using the authoring tools,
versus planning and negotiating the design.

Future research is needed to investigate how refining the
guidance Choice options and increasing opportunities for
students to choose their pathway could strengthen learning
outcomes. This includes refinement of the peer review guid-
ance Choice, building on teacher input and prior research.
For example, assigning students a peer’s explanation with a
view that is different from their own (as compared to simi-
lar) has shown to positively impact students’ perceptions of
learning from others (Matuk & Linn, 2018). We will explore
advances to NLP modeling to detect science ideas within an
explanation, allowing assignment of an explanation for peer
review that was assigned a similar KI score (to discourage
copying) and a dissimilar idea. This may highlight for stu-
dents the role of collaboration in science learning, encour-
aging the student to sort out which ideas are supported by
valid evidence, and how ideas that appear conflicting or idi-
osyncratic may relate (Chi et al., 2018; Raviv et al., 2019;
Vogel et al., 2017).

Further research will pursue designs for web-based
tools to support the teacher customization process includ-
ing reflecting on student work, making a research-based
instructional framework visible, and leveraging open-edu-
cation resources. This would amplify support for teachers to
develop pedagogical conjectures and test them through cur-
riculum customization. We will explore how engaging in this
curriculum customization process over multiple years in a
research practice partnership impacts teachers’ instructional
decisions when implementing the unit, particularly support
for self-directed science learning. Our prior work found that
as teachers engaged in repeated cycles of customization over
2 years, they increased and refined their guidance strategies
at specific points during instruction due to their anticipation
of the likely student ideas to emerge (Gerard et al., 2011).
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Appendix

Table 8 Knowledge integration (KI) processes and Plate Tectonics Unit Design

KI process

Plate Tectonics Unit Design

Elicit or generate ideas

Discover new ideas

Distinguish and sort out ideas

Reflect and make connections
among ideas

Students are guided to explore maps of earthquakes, mountains, and volcanoes in the United States and within
California specifically. Students make observations about where these events occur, and articulate their ideas
about why the events may be clustered in such a way

Students learn about the plate tectonics processes inside the Earth by viewing interactive maps, graphs and
visualizations illustrating the relationships among plate boundaries, magma convection currents, and resulting
geological features

Students use matching steps to categorize the features of the different plate types. Students annotate images of
Earth’s interior and interpret graphs to distinguish the relationship between magma and temperature relative
to surrounding material, and the proximity of magma to Earth’s core

Generating written explanations throughout the unit, that call for students to link evidence gathered to explain
the geological processes

Table 9 Knowledge Integration Rubric for the Mt. Hood Pre/Post Assessment

Possible links:

Convection mechanism

Hot material becomes less dense and rises, when reaches top cools down and sinks, which causes a convec-
tion current in Earth

Convection and plate movement
Boundary interaction
Volcano-mountain

KI Score:
1: Irrelevant

2: Scientifically invalid or overly
vague

3: Partially correct; or one cor-
rect idea in isolation

4: One full link. See links above

5: Two or more links. See links
above

Convection currents move inside of the mantle in a circular motion towards each other, which moves the
plates on Earth’s surface

Continental Oceanic: Plate which is more dense (oceanic) subducts, pushing other plate up forming a
mountain (*don’t need to specify plate names)

As the oceanic crust goes deeper beneath the continental crust, it gradually melts and becomes magma.
Magma rises above and forms volcano, which becomes a mountain

Student Examples
I don’t know

The water helps the mountain grow just like a plant

Over millions of years, these mountains have probably been formed by erosion

It was probably by when ocean water moves dirt, sand, etc. and keeps moving it until its high enough to
become a mountain

When continental crust and continental crust collide they push one and other up forming mountains
It was maybe formed by the oceanic crust pushing under the mountain range which made it bigger and taller

The mountain range came about when the denser oceanic crust plunged under the continent and pushed it up
In the earths mantel are going in circles moving into each other then and convention currents inside the earth
the currents go up ans down like a circle it moves tectonics plates to crash in to each other

For a volcano to form, like Mt. Hood, an oceanic crust and a continental crust would move to each other
because of the tectonic plate movement. Crusts are moved on since convection currents inside of the mantle.
These tectonic plates smash together or collide together to form the magma. Magma is less dense than the
rock surrounding it. After, plates move the crust, those crusts collide and push up. Since the crusts can't
subduct or go underneath each other because they have the same density. After, oceanic crusts subducts,
rocks turn to magma because of the heat inside of the subduction zone. Magma is more dense that the rock
surrounding it, so it would push up, then form the volcano just as Mt Hood. The magma hardens to create a
solid base to form off and and use
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Table 10 Questions analyzed from the pre-workshop survey and WISE workshop unit that were designed to elicit teachers' conceptions of SDL

Pre-Workshop

WISE Workshop Unit - Day 1

WISE Workshop Unit - Day 2

When your students are being self-directed Reflect on your experience with the WISE SDL
activities. What insights did you gain about

in their learning, what does that look like
to you? Provide some examples

What could be added to the curriculum to
increase student opportunities to monitor
their progress and/or direct their own
learning?

SDL?

Which self-directed behaviors do you view as a
top priority for your students to develop during
the unit you customized? Why these?

What do you think about the relationship between
self-directed learning and developing a deep and
coherent understanding?

Table 11 Pre-Test and Post-Test KI Scores for Mt. Hood item

Condition N  Pretest Final Posttest Final PreTest—PostTest Gain

Assigned 233 2.62(0.65)
Choice 233 2.69(0.71)

4.31(1.12)
4.35(1.05)

1.69(1.10)
1.67(1.10)
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