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Abstract: The Innovate to Mitigate project has adapted problem-based learning (PBL) for sec-
ondary-school students by posing open-ended design challenges and by including a crowdsourc-
ing element to support systematic improvement of student designs. Students were charged with
designing feasible innovative strategies to mitigate CO2 emissions. This paper reports on student
learning of science practices as defined by the Next Generation Science Standards. The study
draws on data from 15 teams of 8th-12th students who participated in the 2024 iteration of the In-
novate to Mitigate competition. The competition was implemented in a range of science class-
rooms that included introductory environmental science, AP environmental science, general sci-
ence, and physics. Mixed methods analysis reveals that the Innovate to Mitigate PBL learning
environment resulted in significant gains in student learning of the practices. Implications for the
successful implementation of PBL in a wide range of contexts include the need for iterative de-
sign, collaboration, critique, and public communications. These features supported students to
design and evaluate investigations, construct evidence-based arguments, and engage in produc-
tive discourse, all essential skills for scientific literacy.
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Introduction
While there is much literature about how problem-based learning environments support student
engagement, persistence and learning (e.g., Strobel & Von Barneveld, 2009; Uluginar, 2023),
there is a dearth of studies about how students learn science practices in such environments, par-
ticularly when the design is open-ended and there are no specified learning goals (Puttick et al.,
2022). Therefore, the primary goal of this study was to examine how the active participation of
students aged 13-18 in the Innovate to Mitigate project supported gains in their knowledge of the
practices of science as they developed methods for mitigating global climate change. In this arti-
cle, we describe the results from one Innovate to Mitigate challenge that ran from October 2023
to April 2024.

Complex systems and climate change are key components of the Next Generation Sci-
ence Standards (NGSS Lead States, 2013). Calls from scientists to address education and action
in this arena are more urgent than ever (e.g., IPCC, 2023), and efforts are increasing to design
effective learning environments that respond to such calls. In two meta-analyses of the effect of
PBL on academic achievement (Strobel & Barneveld, 2009; Uluginar, 2023), problem-based
learning (PBL) that is student-centered, collaborative, and supports student agency has been
found to be superior to standard instruction in long-term retention of student learning, as well as
skill development (Savery, 2006; Hung et al, 2019; Wirkala & Kuhn, 2011). Importantly, Ulugi-
nar points out that PBL is an epistemic model that is well suited for addressing socio-scientific
issues (Uluginar, 2023), such as climate change. In his analysis, he characterizes students’ “think-
ing processes” about socio-scientific issues as involving scientific problem-solving which sup-
ports both knowledge gains and acquiring scientific practices.

The Innovate to Mitigate challenges recruited teachers to engage their students in authen-
tic science practices as part of a global effort to reduce emissions. The challenges engaged stu-
dents in working independently in teams in an open-ended, goal-oriented way, while the parame-
ters of the challenge and a suite of tools and resources structured the problem space (Puttick et
al., 2022). The designed social structure supported students to take agency for their own learning
as they engaged in real science with peers and with scientists (Puttick & Drayton, 2017; Drayton
& Puttick, 2018; Puttick et al., 2022, Drayton et al., 2022, Puttick et al.,2023). In online sessions,
students reciprocally critiqued and discussed project ideas, which inspired improvements and
sometimes new directions. The online sessions drew on crowdsourcing to elicit the best thinking
of participant teams as many real-world crowdsourcing efforts do (Puttick et al., 2024). Thus, the
online sessions were framed for participants in terms of “collaborative competition.”

Authentic science learning involves developing fluency in both content and science prac-
tices. In an exploratory project funded by the National Science Foundation (grant # 1316225), we
noted significant gains in students’ knowledge about climate change science and the science rel-
evant to their own innovation (Puttick & Drayton, 2017) but we did not focus on the “formal”
science practices as defined by the NGSS. This article aims to address that gap, as we answer the
research question: How does participating in an Innovate to Mitigate challenge support students’
gains in the practices of science?
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Background literature
Addressing climate change

Students need to understand the challenges that widespread impacts from climate change
pose, and how communities across the United States are addressing both mitigation and adapta-
tion. This understanding is crucial to better preparing them for future climate changes, and for
job opportunities in the fast-growing areas of climate mitigation, climate adaptation, green ener-
gy generation and energy conservation (e.g., Henbest, 2018; Marcacci, 2015).

Mitigation is a high priority on the research agendas of many entities, for example, the Na-
tional Academy of Engineering, which lists the development of carbon-sequestration methods as
a Grand Challenge for Engineering. Enormous and inspiring advances in R&D in green tech-
nologies towards a carbon-neutral world are being made (e.g., Harvard, 2018; Pouraltafi-Kheljan
et al., 2018; Akhurst, 2016). Exploration of these advances presents an opportunity for students
to engage in authentic science investigations by taking an active role in addressing climate
change, the largest collective action problem society currently faces (Coglianese, 2020).

While most middle school and secondary teachers recognize the importance of the NGSS,
it can be difficult to implement the necessary “3D” learning (which includes the three strands in
the NGSS - disciplinary core ideas, crosscutting concepts, and science practices) to engage stu-
dents in addressing real-world problems (Snow & Dibner, 2016). Besides cognitive benefits
(e.g., Cirkony, 2023), engagement in authentic scientific research also has the potential to in-
crease science self-efficacy, the conviction that one can successfully engage in science (Chen &
Usher, 2013). In addition, evidence is accumulating that acting to mitigate the impacts of climate
change supports student agency, helps combat climate anxiety, and increases feelings of self-ef-
ficacy and hope (e.g., Mortreaux et al., 2023).

Problem-Based Learning

Several authors have described problem-based learning (PBL) as a context in which stu-
dents tackle real-world problems, learning is student-centered, knowledge-building is collabora-
tive, and emphasis is placed on using resources to formulate ideas and develop reasoning skills
(e.g., Orey, 2012; Gorghiu et al., 2015; Uluginar, 2023; Yew & Goh, 2016). Accounts of how
learning takes place in PBL contexts have included studies of the relationships between the
learning-oriented activities of students with their learning outcomes (e.g., Puttick & Drayton,
2017; Yew & Schmidt, 2009) and studies of student learning from the perspective of activity the-
ory (e.g. Drayton & Puttick, 2018).

In a meta-analysis of the effect of PBL on academic achievement, Uluginar (2023) reports
evidence that is it superior to standard instruction in long-term retention of student learning, as
well as skill development (Savery, 2006; Hung et al, 2019; Wirkala & Kuhn, 2011). These find-
ings essentially echo those of an earlier meta-analysis conducted by Strobel & Barneveld (2009).

Uluginar (2023) points out that PBL is an epistemic model that is suited for addressing
socio-scientific issues by making it easier to relate science to everyday life and society. He char-

acterizes students” 'thinking processes” as “activated by incorporating scientific problem-solving
steps to solve an unsolved problem in a scenario within a research community. This process al-
lows students to have conceptual knowledge about the problem and the necessary scientific prob-

lem-solving skills to acquire conceptual knowledge” (p. 80). Ideally, the teacher acts as facilita-
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tor or tutor, asking/modeling meta-cognitive questions to guide students (Strobel & Barneveld,
2009). In addition, opportunities for sustained engagement with a phenomenon have been shown
to result in deep learning (Barron & Darling-Hammond, 2009; Darling-Hammond et al., 2015).

Essential principles of PBL have emerged from research findings reported in several
meta-analyses (e.g., Savery, 2006; Smith et al., 2022; Strobel & Barneveld, 2009; Uluginar,
2023). With respect to the problem space, these include: (a) problems are embedded in real
world, rich contexts, and thus are of necessity interdisciplinary, (b) problems are ill-structured
and allow for free inquiry, and (c) assessments, including self-assessment, measure student
progress towards explicit goals of PBL. With respect to student participation, these include: (a)
students are responsible for their own learning, that is, their work is based on intrinsic motiva-
tion, (b) collaboration is essential, and (c) students iteratively apply active and strategic
metacognitive reasoning, and (d) students conduct a closing analysis and discussion of their
learning.

The design of the Innovate to Mitigate challenges was guided by these principles
(Puttick & Drayton, 2017; Drayton & Puttick, 2018). Students’ problem selection and solution
were informed by a high level of authenticity in addressing climate change; student activities
were aligned to real-world scientific practice or “science-as-practice” (Stroupe, 2014). Student
self-assessment was conducted by critique and discussion within student groups, by peers in
their own classrooms, and online with peers in classrooms at distant schools.

In the Innovate to Mitigate challenges, the problem space was at an extreme of open-
endedness within PBL in that it was very broadly defined (Puttick et al., 2023). As a result, ar-
ticulated content learning goals could not drive the process. Instead, we defined learning goals
as the acquisition of skill in using the science practices (NGSS Lead States, 2013) to design, test
and communicate about a mitigation prototype.

Science practices

A Framework for K—12 Science Education argues that the principal aim of science is to
create and critique evidence-based causal accounts of natural phenomena (National Research
Council, 2012). Further, the Frameworks suggest that science progresses through discourse with-
in the community of scientists and thus emphasize that students should learn to communicate and
argue about information and findings "clearly and persuasively" (National Research Council,
2012, p. 53). To support this, the Next Generation Science Standards (NGSS) have outlined “sci-
ence practices” as a guide for reproducing authentic science learning in the classroom (NGSS
Lead States, 2013). The vision describes a pedagogical approach in which students learn by ac-
tively using the practices to investigate phenomena, interrogate and analyze data, and reason sci~
entifically to generate explanations supported by data.

Osborne (2014) asks how engaging in science practices improves science education. He
writes, “Engaging in practice only has value if: (a) it helps students to develop a deeper and
broader understanding of what we know, how we know and the epistemic and procedural con-
structs that guide the practice of science; (b) if it is a more effective means of developing such
knowledge; and (c) it presents a more authentic picture of the endeavor that is science” (p. 183).
Ford (2008) noted that students’ authentic construction of knowledge is dependent upon “cri-
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tique,” given the centrality of critique to how knowledge is constructed in the work of scientists
and establishes confidence in scientific claims.

PBL pedagogy incorporates NGSS-aligned 3D learning by definition. Ample evidence
has established that certain practices, e.g., modeling, or argumentation, have contributed to the
improvement of conceptual learning (e.g., Ford & Wargo, 2011; Schwarz et al., 2009; Stroupe,
2014; Hubber &Tytler, 2017) and supported higher student engagements (Ke & Schwarz, 2019).
Our prior work has shown that students engaged in Innovate to Mitigate challenges made signifi-
cant gains in knowledge about climate science and the science relevant to their own projects
(Puttick & Drayton, 2017; Drayton & Puttick, 2018). We have also seen that students have expe-
rienced additional dimensions of science that have long been understood in the philosophy of
science as essential elements of successful inquiry: the productive value of failure and the use of
rhetoric (Puttick et al., 2024).

The Intervention
The 2023-4 challenge was conducted in four phases over a period of thirteen weeks: an
Abstract phase, an Investigation Planning and Prototype Building phase, a Presentation phase,
and a final Discussion phase (Table 1). The Phases align with the science practices as defined by
the NGSS.

Table 1

Alignment of the NGSS science practices with phases of the Innovate to Mitigate challenge.
*Practices are numbered according to the NGSS description: 1. Asking questions (for science)
and defining problems (for engineering), 2. Developing and using models, 3. Planning and carry-
ing out investigations, 4. Analyzing and interpreting data, 5. Using mathematics and computa-
tional thinking, 6. Constructing explanations (for science) and designing solutions (for engineer-
ing), 7. Engaging in argument from evidence, and 8. Obtaining, evaluating, and communicating
information.

Phase of the Activities NGSS prac-
challenge tices*
1.Abstract Students explored potential models and outlined 1,2,3,7,8.
(2 weeks) an argument that defended their idea. Discussion

in an online forum of participating teams provided
ideas for improvement and sparked new ideas and
directions.
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2.Investigation | Students further defined the problem and pro- 1,2,3,4,5,
plan and build | posed design solution, i.e., planning an approach | 6, 8
prototype phase | to an investigation and outlining what data they

(8 weeks) would need to support it.

They built their prototype, writing an interim
progress report at the half-way point, reflecting on
progress and highlighting areas still needing to be
addressed. This happens rarely in science classes,
but it may happen in engineering classes, if time
permits, for a true iterative process.

3. Presentation | Students created a video and accompanying paper |6, 7, 8.

phase that made a case for how and why their solution

(2 weeks) would reduce greenhouse gases.

4. Discussion The online discussion and critique gave students 1,6,7,8.
phase an opportunity to ask more questions, surface and

(1week) learn more science, entertain better ideas, and

identify shortcomings.

As teams worked on the challenge, they were supported by their teacher with keeping on track,
problem-solving, and logistical issues (Puttick et al., 2023). Materials provided for teacher and
student use in each phase included rubrics, templates for notetaking and tracking progress, guide-
lines for producing final videos, and tips for engaging in constructive discourse online. The
project website (https://www.terc.edu/innovatetomitigate/) features breaking stories —from news
outlets, links to YouTube videos, and reports in popular science blogs— about exciting mitiga-
tion research projects, selected to inspire creativity and seed ideas.

Students' videos and papers were posted to an online video forum where each was judged
by a panel of scientists. Teams were awarded prizes for innovation, best video and paper presen-
tation, and most engaged commenter in the two community comment periods.

Teacher professional learning to support Innovate to Mitigate PBL

We expected that teachers would need assistance in supporting PBL (Miller & Krajcik,
2019; Schwarz et al., 2017; Tucker-Raymond et al., 2020; Tytler et al., 2022) and in helping stu-
dents to understand science as an “evidence based, model and theory building enterprise” (Na-
tional Research Council, 2012). Teachers were familiarized with the challenge design in three
virtual seminars at transition points during the challenge. Webinar 1 provided orientation to key
components of the intended PBL model for student participation and the teachers’ stance as facil-
itator of student work (Puttick et al., 2024). Teachers discussed how to support students to rely
on team members as resources, effectively supporting distributed expertise. They explored
strategies, e.g., “productive talk,” (Michaels & O’Connor, 2021), for orienting students to the
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purpose of participant crowdsourced conversations to improve designs (Puttick et al., 2022;
Drayton et al., 2022). Webinar 2 focused on the role of guide or coach to support distributed ex-
pertise (Puttick et al., 2023; Cassidy et al., 2020; Tucker-Raymond et al., 2021) and helping stu-
dents select a project that best fit their capabilities and resources. Critical to their role in support-
ing student engagement was asking relevant questions (Boon, et al., 2022), for example, “How
will [your prototype] work? How will you test it? What data will you need to support your argu-
ment? What are the disadvantages of your approach?”” Webinar 3 focused on supporting student
epistemic agency using “science-as-practice” (Stroupe, 2014). This involved a review of the
NGSS practices and how they mapped to the stages of the challenge.

Methods

Data for this study come from the fifth iteration of the Innovate to Mitigate challenge in
2023-2024. The overall goal of the project was to create an alternative learning pathway in the
ecosystem of school science that provided students the opportunity to experience and practice
science as it is practiced and experienced in the real world. The goal of the present study was to
determine how the Innovate to Mitigate challenges supported student learning. The research
question is:

* How does participating in an Innovate to Mitigate challenge support students’ gains in the
practices of science?

The authors designed the challenges and research instruments, provided scientific input in stu-
dent discussion forums and served as judges, and conducted data analysis for this paper. The first
author drafted the paper, with input from the other authors. Approval for our research methodol-
ogy, data gathering procedures and publication of student data was granted by TERC's Institu-
tional Review Board.

Participants

In Year 5 of the challenge, 99 students participated from 4 schools across the US and a range of
classrooms including environmental science, physics, and general science (Table 2). Fifteen
teams submitted videos and accompanying science papers.
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Table 2

Participating Schools and Student Demographics

School and Location Population Innovate to Mitigate
Participants

1. Urban Mid- Atlantic K-8 | Large Title 1 public school outside 50 8th grade students
school major city

2. Suburban Mid-Atlantic | Independent school; primarily serves |35 9th & 10th & 11t grade

K-12 school neurodivergent students students
3. Urban/ Suburban Catholic school 5 11th grade students
Midwest high school

4. Urban Southeast high Large Public school outside a major | 9 10th & 11th grade stu-
school city dents

Data sources

a. Pre/post survey

The pre/post assessment consisted of a combination of multiple choice and constructed response
in seven items measuring science practices (Table 3 and Appendix 1). Five items were adapted
from previously validated instruments; two were adapted from McNeill & Krajcik (2008), one
from Zhou et al. (2015) and two from Mutch-Jones et al. (2012). The remaining two were de-
signed by the project, both drawn from existing scientific data or from current mitigation efforts
in the field. The assessment was given to all students participating in Year 5. The pre was imple-
mented 1 week before the start of the challenge, and the post once the challenge was completed.
Students completed the assessment using pen and paper during their regular class time.
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Table 3

Categories of science/engineering practices included in the pre/post assessment.
Item Type Science/engineering practice Points
MC and CR* Evaluating a claim using evidence and reasoning (3 7

items)
MC and CR Designing an investigation (2 items) 5
CR Reasoning about data (1 item) 3
CR Evaluating a design (1 item) 4
Total 19

*MC=multiple choice; CR=constructed response.

b. Submissions
Student submissions consisted of a 2-minute video and a 1200-word paper in which they were
asked to make a case for how and why their solution would reduce greenhouse gases.

c. Student interviews

A subset of 3 student teams was interviewed after the project; team availability was challenging
because of end-of-year activities. The 30-45-minute interview included questions focused on
student experience of the project, student learning, and teamwork.

Data Analysis

a. Assessment

A subset of assessments was coded by two researchers until a stable coding scheme for the prac-
tices was established. Thereafter, scoring of the assessments was completed by one researcher,
with a second researcher coding a subset of 10% of the assessments. Disagreements comprised
fewer than 5% of coding instances.

Of the 91 student responses received, 53 had complete pre/post responses (58.2%). The
completion rate was much higher for high school students (33 complete responses; 76.6% com-
pletion rate) than eighth-grade students (20 complete responses; 41.7% completion rate).

A Cronbach's alpha was run to measure internal consistency of the assessment. Based on
the pre-test scores, Cronbach’s alpha for the entire set of 7 items was acceptable (o = 0.77). The
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reliability did not go up if any of the items were dropped. This suggests that these items all co-
vary and that the assessment is internally consistent. Cronbach’s alpha was also measured for the
two constructs with more than one item: argumentation (3 items) and investigation design (2
items). For the three argumentation items, Cronbach’s alpha was 0.59, and for the two design
items, it was 0.2. This confirmed that there were not enough items in either construct to create a
reliable measure (Litwin, 1995), although all seven items hung together fairly well. For this rea-
son, the data were analyzed as a whole.

b. Submissions

We defined codes for the science practices in relation to the rubric that we provided to guide stu-
dent work (see Appendix 2 for coding scheme). The rubric included guidance on designing an
investigation, making a prediction about possible mitigation impact, constructing an evidence-
based argument, and what counted as evidence. Students were also asked to describe the limita-
tions of their design and to provide citations for any secondary sources they used. Finally, we
also coded the overall soundness of the science (based on current scientific understandings) that
supported their innovation.

Analysis was conducted in three phases. In the first, four researchers coded a sub-
set of submissions individually then met to discuss all codes and come to agreement on a con-
sensus code sheet. Thereafter, in the second phase, the corpus was divided and two pairs coded
half of the submissions. Where there was disagreement within pairs, the four researchers met to
discuss them before agreeing on how to resolve them. We believe, like Smagorinsky (2008),
that the collaborative approach is generative and more likely to produce an insightful reading of
the data “because each decision is the result of a serious and thoughtful exchange” (p. 402).

Results
a. Assessment
Altogether, there were positive gains in students’ science practices, as measured by the Innovate
to Mitigate assessment, after participating in the intervention. High school students showed high-
er gains (change from pre to post in their overall score) than middle school students, although
variation among gains was high. The biggest predictor of gains was student’s prescore: students
with lower prescores tended to have higher gains.

On average, there was an increase in the score from pre (9.13£4.13) to post (9.83+4.34).
For paired data, this was statistically significant according to a Student’s t-test with the alterna-
tive hypothesis that the postscores would be greater (t =3.1872, df =52, p=10.001, 95% CI =
0.43, mean difference = 0.90). This suggests that the scores on the assessment did increase post-
intervention.

The average scores differed widely from 8th grade to 9th-12th grade (Table 4). The 8t
graders had much lower pre and post scores than the high schoolers. Based on a Welch 2-sample
T-test, this difference was statistically significant for both prescore (t = 5.13, df = 59, p << 0.001)
and postscore (t =4.69, df =59, p << 0.001), with high schoolers having a higher pre and post
score of 4-5 on average.
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Table 4
Average pre/post scores and standard deviations by grade.
Grade Average Pre Score Average Post Score
8 6.44 £ 3.07 7.48 £2.64
9 11.2+1.86 11.6 £2.30
10 10.5+5.05 11.3+£5.50
11 11.4£2.15 12.5+4.43

However, when comparing the average gains for middle vs high schoolers, there was no statisti-
cally significant difference per a Welch 2-Sample t-test (t = 0.817, df = 42, p = 0.42). Taken with
the findings above, this suggests that all students had equal gains in their assessment scores after
participating in the intervention, regardless of what prior knowledge (indicated by their pre-
score) they came in with.

A simple linear regression was run to test whether gains varied based on prescore; e.g.,
whether students who had a lower prescore had a higher gain than their counterparts who already
started with a fairly high score. The linear regression showed that gain was significantly predict-
ed by prescore (R2=0.10, F(1,51 = 6.91, p = 0.01), such that students with lower prescores had a
higher gain on the post assessment. This relationship was not dependent on grade level.

b. Submissions

All but one of the submissions fell into a defined mitigation category, while one addressed multi-
ple categories (Table 5). Categories included projects focused on improvements to existing alter-
native energy methods, while one in this category proposed “planting” solar trees to capture solar
energy while providing a microclimate beneath them to encourage tree seedling growth (Figure

1.
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Figure 1

Solar tree prototype created by an 11" grade team in physics class

Four projects targeted sustainable agriculture, while two tested biological methods for carbon
sequestration. Four projects included some type of engineering design, e.g., creating biodegrad-
able plastic or compostable bamboo products. The winning entry designed a green roof using Se-
dum spp. and also conducted a survey via social media to research their peers’ attitudes about
green roofs (Cooper & Adamo, 2024).
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Table. 5
Types of innovations submitted by student participants.
Grade level Mitigation Strategy
Mitigation category: Alternative energy
8 Wind turbine and storage battery combination
8 Solar mirrors mounted on satellites to focus solar energy for collection
11 Installing solar trees to generate energy and to encourage reforestation/ pro-
tection for tree seedlings beneath
Mitigation category: Sustainable agriculture
8 Soil and erosion management to conserve biodiversity
8 Greenhouse technology to improve energy use
9 Hydroponics to help local communities grow food locally
10 Composting farm waste
Mitigation category: Carbon sequestration
9 Engineering of floating bio-rafts to sequester carbon, provide habitats and
help preserve native species
10 Testing plant species for optimal carbon sequestration
Mitigation category: Engineering
9 Creating and testing biodegradable plastic
10 Water purification methods to save energy
10 Water filtration to improve biodiversity
10 Creating compostable bamboo products
Mitigation category: Behavior change
10 Design and test education program on recycling for elementary students
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Multiple: Behavior change; carbon sequestration; energy conservation

11 Creating a green roof model; use survey on social media to measure peoples’
perceptions of green roofs.

The range of scores for the submissions followed a similar pattern to the pre/post survey
responses; 11t graders scored the highest on some science practices, while 8th graders scored the
lowest (Table 6).

Table 6
Average rating of elements of science practice in student submissions
Grade Evaluating a claim Designing an Evaluating design Total (20
level using evidence and investigation | of a proposed miti- pts)
reasoning (4 pts) gation effort (6 pts)
(10 pts)
gth 425 1.75 1.75 7.75
9th 6.00 3.33 5.67 14.33
10t 5.83 2.83 4.00 12.67
11th 7.50 3.50 5.00 16.00

c. Interviews

One 8th and two 11t grade teams were interviewed after their projects were complet-
ed. Students in all three teams responded positively about what they had learned from engag-
ing in their Innovate to Mitigate project (Table 7).
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Excerpts from responses of two 11" grade teams to an interview question, “What did you
learn about science practices?” Student names are pseudonyms.

Team project

Interview data

11th grade team
Built solar trees

Ian: I like building. That was probably my favorite part, and easily add to,
record all the data.

Katie: I also kinda enjoyed reporting the data for it, 'cause it was interest-
ing to see what all the different panels [of the tree] when they're all con-
nected, and when there's only 2 connected, the different voltages within
both.

Bry: I also enjoyed this, but more like trying to create a cloud [to shade the
solar tree]. So we can actually see voltage drop.

11th grade team
Built a prototype
green roof

Neal: First of all, we had to ask. We had to ask our question. We began our
investigation by looking into background information to what plants can
grow in South Florida ... and build and doing our actual experiment with
the prototype, collecting the data on the leaves and such, putting it into the
calculator, getting surveys on the green roof and processing that data.
Joan: And obviously our hypothesis because we have to make an educated
guess and well, an educated prediction...and then that's how we started
styling our methods, the results. And then the discussion, detailing every-
thing from start to finish as to how we did this project ... it helped me
learn a lot.
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8th grade team Andy: We learned about the wires, batteries, and lightbulbs and how they
Built a green- light up the greenhouse. We also learned many things about wind turbines.
house and asso- | Xavi: I learned that you’ve got to keep trying, we had many ideas but they
ciated mini tur- | didn’t work. [Then] we had more ideas until we came up with something.
bine We had many tries to do something. I like science more now. I learned a
lot of things about it.

Rylen: I was surprised that anything worked. We had crazy ideas, stupid
ideas, and we kept trying.

Andy: Keep trying to do stuff. If something fails, keep trying. We kept try-
ing new ideas and took many tries to do it...Trying things that no one else
tried kept us keep going.

Discussion

Many features of the Innovate to Mitigate competition align with features of classroom
learning environments known to be effective and engaging (Puttick & Drayton, 2017; Drayton &
Puttick, 2018). For example, researchers have established that involvement in an engineering de-
sign process makes authentic practices accessible to learners (Bernstein et al., 2022; Edelson &
Reiser, 2006; Wendell et al., 2017), while opportunities for sustained engagement with a phe-
nomenon result in deep learning (Barron & Darling-Hammond, 2009; Darling-Hammond et al.,
2015). In addition, researchers have shown that opportunities to reason about and communicate
scientific findings support deeper understanding of complex phenomena (e.g., Krajcik & Czerni-
ak, 2018; McNeill & Krajcik, 2008; Stewart et al., 2005). All these features are characteristic of
problem-based learning (Ravitz, 2009; Krajcik & Shin, 2014; Miller & Krajcik, 2019; Wirkala &
Kuhn, 2011; Yew & Goh, 2016) — and of mature scientific practice. Indeed, the expressed goal of
science competitions is to engage students in authentic science.

Research data from prior competitions have shown gains in student learning of science
content (Puttick & Drayton, 2017; Drayton & Puttick, 2018). For example, Findings from the
present study indicate that middle and high school students participating in the Innovate to Miti-
gate project showed significant gains in science practices. The biggest predictor of gains was
student’s prescore: students with lower prescores tended to have higher gains. Results also indi-
cate that students with lower initial scores in science practices seemed to benefit the most from
their participation in the Innovate to Mitigate project. We surmise that the ways in which the
open-ended, PBL approach supported students to have meaningful interactions as they engaged
in science practices - while working on projects that had personal, real life, implications for them
- likely supported these outcomes.

Student teams crossed disciplinary boundaries as their free choice resulted in projects
based in chemistry, engineering, mathematics or biology to address the mitigation challenge.
Projects included a wide diversity of topics ranging from adapting designs for solar trees, to de-
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signing a model green roof and conducting surveys on social media to assess attitudes towards
green roofs. Ratings from qualitative scoring of student submissions were lowest for the 8th
grade students and highest for the 11th graders. We posit that these differences could reflect high
schoolers’ increased opportunities for exposure to and opportunities for engaging in science prac-
tices.

While we cannot claim a causal connection between project- and teacher-provided sup-
port, it is possible that the project’s efforts to promote student inquiry by equipping teachers with
evidence-based tools that promote PBL techniques had benefits for students of all ages. The
project provided materials for student use, e.g., rubrics, templates for notetaking and tracking
progress, guidelines for producing final videos, and tips for engaging in constructive discourse
online. In addition, 3 1-hour professional learning sessions on Zoom included orientation to key
components of the PBL model, the teachers’ stance as facilitator of distributed expertise on stu-
dent teams (Puttick et al., 2023), and strategies, e.g., “productive talk,” (Michaels & O’Connor,
2021), for supporting students to improve their and others’ designs during participant crowd-
sourced conversations (Puttick et al., 2022). In addition, we reviewed with teachers the NGSS
practices and how they mapped to the stages of the challenge.

Overall, we found that the basic design of the challenges was sound. However, the big-
gest evolution of the challenges over the several years we implemented them was in timing and
duration to accommodate teachers’ calendars and course schedules. We needed to make trade-
offs between staging semester-long challenges in the spring semester, versus having them run
over several months so that students could more fully immerse themselves in full conception,
building and testing of their prototypes.

The Innovate to Mitigate project brings to light a methodological gap: the apparent lack
of established, reliable assessments of science practices, as described by the NGSS. While our
assessment showed internal consistency, and items co-varied, the limited number of items per
practice construct constrained our ability to draw stronger conclusions about gains in students’
science practices. Future work should focus on the development of validated instruments to as-
sess learning of the science practices in PBL contexts. Such instruments will also be more broad-
ly useful given the wide adoption of “three-dimensional" learning (NGSS Lead States, 2013).

Conclusion

Results from this study contribute to a growing body of research about how students learn
science practices in authentic, design-based science learning environments, particularly when the
design is open-ended and there are no specified learning goals (Puttick et al., 2022). Emphasiz-
ing iterative design, collaboration, critique, and public communication, the Innovate to Mitigate
model affirms the essential principles of PBL that have emerged from several meta-analyses
(e.g., Savery, 2006; Smith et al., 2022; Strobel & Barneveld, 2009; Uluginar, 2023) that: (a) stu-
dents are responsible for their own learning, that is, their work is based on intrinsic motivation,
(b) collaboration is essential, and (¢) students iteratively apply active and strategic metacognitive
reasoning, and (d) students conduct a closing analysis and discussion of their learning.
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Limitations

Although students’ assessment gains were significant, the small sample size, especially
for high school students, means that the results of this study are merely suggestive. Further work
will need to be done to demonstrate the value of this particular kind of learning environment.
Furthermore, as already mentioned, the assessment instrument that was used limited our ability
to make claims about student learning of individual science practices. Finally, we were unable to
gather data on the four different disciplinary contexts in which the project was implemented.
Consequently, context variability is likely to be reflected in student outcomes.
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Appendix 1. Coding scheme pre/post assessment items

Item 1: Fossil fuels (3 points)
(Anderson et al. Carbon project: https://carbontime.create4stem.msu.edu/)
Claim: Fossil fuels are harmful for the environment. Below please (i) describe some evidence
that supports this claim, and (ii) provide reasons for why you think the evidence supports the
claim.

Item 2: Karen’s investigation (2 points)
(Mutch-Jones et al., 2012)
Karen claimed that grasshoppers only eat grass. She wanted to find out if that was true or not.
Which of the following investigations would help her support her claim? Check one.
a. Observing the grasshoppers in the field near her house for several hours and recording
which of the different plants in the field the grasshoppers ate.
b. Putting a pile of grass in a cage with grasshoppers, observing them and keeping a careful
record of how much they ate.
c. Carefully looking at all the different kinds of plants in the field near her house and record-
ing which ones had holes in them.
d. Cutting different kinds of grasses from the field near her house and putting them in a cage
with grasshoppers to see which ones they ate.
Please explain your choice.

Item 3: Jonas’ data (2 points)
(Mutch-Jones et al., 2012)
Jonas observed shrimp over a few days and collected the following data:

Location Number of observa-
tions
Under rocks 28
Under leaves 28
In open water 4
On the bot- 9
tom

After completing his observations Jonas made the following claim:
*  Shrimps hide under rocks.

Check the statement you think is true about Jonas’s claim.

a. Jonas’s claim is supported by the data.

b. Jonas’s claim is supported by the data, but it is incomplete.
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c. Jonas’s claim is not supported by the data.
Please explain your choice.

Item 4: Cricket data (2 points)

(Developed by project)
A cricket is an insect. Male crickets make a chirping sound. Jesse thinks they chirp more
when it is hot. Jaz and Sami did not agree. They predicted that temperature would not affect
how much crickets chirp. The three students designed an investigation to count number of
chirps at different temperatures. They collected the following data over several days.

-lllll“|||||ln
19 21 22 23 24 25 26 27

Temperature (degrees Celslus)

30

»~
o

Number of chirps

..
o

]

13 14 15 16 17 18 20

Check the statement that you think is true about Jaz and Sami’s claim.

Jaz and Sami’s claim is supported by the data

Jaz and Sami’s claim is not supported by the data.
Please explain your choice.

Item 5. Grassland data (3 points)

(Adapted from McNeill & Krajcik, 2008)
Animal A lives in small underground tunnels in a grassland area. It eats grasses, roots and
weeds. At time point 7, Animal B moves into that environment. Animal B is a much larger
animal and eats small animals, insects, and reptiles. A scientist measured the size of the popu-
lations over time and made this graph.

Time
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What type of relationship do these two animals A and B have?
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Use the data in the graph to explain your answer.

Item 6. Fishing (3 points)

(adapted from Zhou et al., 2016)
Tom, Dan and Jerry often go fishing together. They have the same skill and usually catch
similar numbers of fish each time. Yesterday they picked 2 different locations on the same
river, and each fished for 2 hours. The table describes what equipment they used and the
number of fish they caught.

Variable Tom Dan Jerry
Pole Long Long Short
Fishhook Thick Thin Thin
Location Point A Point A Point B
Number of fish 15 15 8
caught

a. Can the information in the table be used to test whether the thickness of fishhooks affects
the number of fish caught? Yes No Other.
Please explain your reasoning.

Item 7. Evaluating possible mitigation projects (4 points)

(Developed by project)
Scientists have proposed some project to mitigate global warming. Choose ONE of the
projects and answer the questions that follow.

Project 1: Ocean scientists propose to add iron to the ocean to boost the growth of algae and
capture much more CO2.

Project 2: A group of city planners in the US proposes to plant 1 billion trees by 2028.
Proposal 3: A group of urban high school students proposes to adapt the idea of growing
“green roofs” on buildings to grow green roofs on all the city buses.

Briefly describe how you think you would prototype this idea.

Do you think the scale (size) of this project could be achieved? Describe why or why not.
What might the project benefits be?

What might the project downsides be?

b=
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Appendix 2. Coding scheme for practices in student submissions. Scores were aggregated as
follows to match NGSS practices (see Table 7): Evaluating a claim using evidence and reason-
ing: Questions 6, 7, 8; Designing an investigation: 5, 10; Evaluating design of a proposed mitiga-
tion effort: 3, 4, 9.

Code

1. Category of mitigation:

2. Strategy/method of mitigation (i.e., what is the strategy):

3. Is the science that supports the strategy sound and plausible overall, i.e., based on current scientific un-
derstanding? (2 points)

a. Yes (2 points)
b. For the most part (1 point)
c. No (0 points)

4. Does the strategy address biodiversity? (2 points)

a. Yes (2 point)
b. Indirectly (1 points)
c. No (0 points)

5. Isthere a problem statement describing the mitigation challenge or problem? (2 points)

a. Yes (2 point)
b. No (0 points)
c. Not clear, or diffuse (may be distributed across the submission) (1 point)

6. Is the mitigation strategy supported by an argument? (6 points)

a. Yes, the mitigation strategy is supported by an argument that is backed up with a ra-
tionale (2 points)

b. The rationale relies on (check all that apply):

a. Authority: Explicitly cites an authority, whether teacher, text, article, Web, etc. (2
points)

b. Causal: Argument used a theory or concept to explain how the strategy will ad-
dress the problem, generally predicts a specific outcome (1 point)

c. Empirical: Argument is based on empirical data, either from an authority or stu-
dents’ own data (1 point)

d. Factual: Asserts the claim as fact without citation, reasoning, or data (0 points)

c. Yes, the mitigation strategy is supported by an argument, but the argument is vague,
implicit, or scientifically implausible, i.e., no rationale is presented (1 point)

d. Unclear what the mitigation strategy is, and there is no rationale (0 point)

7. What is the quality of evidence underpinning the mitigation strategy? (2 points)

a. The evidence in support of the strategy is qualitative (1)

b. The evidence in support of the strategy is quantitative (1)
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c. The evidence in support of the strategy is both qual. and quant. (2)

8.  Was a prediction made about impact, or outcomes with respect to mitigation? (2 points)

a. The prediction was clearly stated (2 points)

b. The prediction was a vague or general statement, possibly scattered throughout the
submission (1 point)

c. No prediction about impact (0 points)

9. Limitations of design (2 points)

a. Directly referred to and discussed (2 points)
b. Referred to but not discussed (1 point)
c. No mention (0 points)

10. Is literature referred to and cited? (2 points)

a. Yes, directly referred to and a citation is included (1)

b. Yes, directly referred to and more than one citation is included (2)

c. Directly referred to but citation not included (0)

d. Cited as a reference but not referred to in the body of the submission (0)
e. No
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