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Abstract
Citizen science programs offer opportunities for K-12 students to engage in authentic sci-
ence inquiry. However, these programs often fall short of including learners as agents in 
the entire process, and thus contrast with the growing open science movement within sci-
entific communities. Notably, study ideation and peer review, which are central to the mak-
ing of science, are typically reserved for professional scientists. This study describes the 
implementation of an open science curriculum that engages high school students in a full 
cycle of scientific inquiry. We explored the focus and quality of students’ study designs 
and peer reviews, and their perceptions of open science based on their participation in the 
program. Specifically, we implemented a human brain and behavior citizen science unit 
in 6 classrooms across 3 high schools. After learning about open science and citizen sci-
ence, students (N = 104) participated in scientist-initiated research studies, and then collab-
oratively proposed their own studies to investigate personally interesting questions about 
human behavior and the brain. Students then peer reviewed proposals of students from 
other schools. Based on a qualitative and quantitative analysis of students’ artifacts created 
in-unit and on a pre and posttest, we describe their interests, abilities, and self-reported 
experiences with study design and peer review. Our findings suggest that participation in 
open science in a human brain and behavior research context can engage students with 
critical aspects of experiment design, as well as with issues that are unique to human sub-
jects research, such as research ethics. Meanwhile, the quality of students’ study designs 
and reviews changed in notable, but mixed, ways: While students improved in justifying 
the importance of research studies, they did not improve in their abilities to align methods 
to their research questions. In terms of peer review, students generally reported that their 
peers’ feedback was helpful, but our analysis showed that student reviewers struggled to 
articulate concrete recommendations for improvement. In light of these findings, we dis-
cuss the need for curricula that support the development of research and review abilities 
by building on students’ interests, while also guiding students in transferring these abilities 
across a range of research foci.
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Introduction

Citizen science programs can promote public scientific literacy by opening the process 
of inquiry to the public. In many cases, however, it is scientists who define which ques-
tions to answer and how, while public participation is limited to either contributing or 
analyzing data (Phillips et  al., 2018). Less often is the public invited to conceptual-
ize and review studies. Thus, many citizen science programs may miss opportunities 
for the public to develop scientific literacy through the pursuit of questions that inter-
est them, and by experiencing community-driven processes that can generate scientific 
knowledge.

The present research explores how a classroom-based, open science approach to citizen 
science can engage high school students in the parts of inquiry that tend to be reserved 
for scientists: Study conceptualization and peer review. Our research took place during the 
early stages of developing a new citizen science platform and curriculum, which guided 
students in generating research questions and conceptualizing study designs to be later vet-
ted by scientists, and opened for data collection via public participation. At the time of this 
writing, some of the student-led studies had accrued hundreds of study participants (Dik-
ker et al., 2022). By describing the study design and review abilities observed of students 
during this process, this research contributes to informing how citizen science can offer 
students authentic inquiry learning experiences that are otherwise difficult to achieve in 
classroom contexts, and that also help to increase participants’ scientific literacy.

Participatory science learning: developing scientific literacy through open science

Our work is grounded in participatory science learning. This sociocultural perspec-
tive views student learning as a process of identification with a community, strengthened 
through a focus on authentic problems, on practices for negotiating understanding, and 
on the roles of more knowledgeable colleagues (Barab & Hay, 2001; Gee, 2003; Koomen 
et al., 2018; Lave & Wenger, 1991; National Research Council et al., 2012; NGSS Lead 
States, 2013). Participatory science learning reflects the social nature of authentic science, 
which is notably emphasized in citizen science.

While expert definitions of citizen science vary depending on geography, scientific 
discipline, and context (Haklay et  al., 2021b), the term broadly describes a spectrum of 
approaches for engaging the public in the process of science, from contributing data, to 
analyzing data, to partnering non-experts with experts to conceptualize and carry out a sci-
entific project (Bonney et al., 2009; Haklay et al., 2021a; Haklay et al., 2021b). Citizen sci-
ence is part of a broader movement called open science, a collective effort to make the pro-
cess of scientific inquiry more transparent and accessible to the public (Fecher & Friesike, 
2014). The six tenets of open science (Fecher & Friesike, 2014; Leible et al., 2019) are: 
Make knowledge freely available (Democratic), make the science process more efficient 
and goal-oriented (Pragmatic), make science accessible to everyone (Public), create and 
maintain tools and services (Infrastructure), measure the scientific impact of research 
(Measurement), and support community inclusion and commitment (Community). The 
importance of open science became especially apparent during the current pandemic, as 
scientists worldwide coordinated efforts to treat and prevent COVID-19 by prioritizing 
research foci, and sharing tools and early findings with one another and with the public in 
real time (Fry et al., 2020; Lee & Campbell, 2020; Rempel, 2020).
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Here, we focus specifically on experimental design and peer review. These two key-
stones of the scientific process (Scott, 2007) gain further importance in an open science 
framework as they reflect the social and participatory nature of science, and the role of a 
community in generating scientific knowledge. In a typical peer review process, a journal 
editor invites 2–3 reviewers with relevant expertise to offer written critiques of research. 
Review criteria include the significance of the research questions, groundedness in existing 
work, soundness of the methodology, and validity of the findings (including attention to 
limitations, potential confounds, and alternative explanations) (Kelly et al., 2014). Ideally, 
reviewers also offer constructive recommendations for revisions that will ensure the rigor 
and relevance of the research. Various conventions ensure high quality reviews. For exam-
ple, journals may follow an open, single blind, or double blind review process. Journals 
also tend to solicit independent reviews, whereas grant agencies tend to convene panels of 
reviewers, who coalesce their evaluations to produce joint reviews. While these conven-
tions differ by field, journal, and agency, they share the goal of ensuring helpful feedback 
by mitigating reviewers’ potential bias, and enabling them to be critical without worry of 
retaliation (Kelly et al., 2014).

In an open science model, peer review occurs not just on completed research, but also 
on proposed research. Inviting peer reviewers early into the process of science introduces 
multiple perspectives that can improve research, and places reviewers in a position to make 
more substantial contributions to the direction of research. More specifically, open science 
advocates encourage researchers to pre-register their research protocols with a journal, i.e., 
to commit to an analysis plan before data is collected (Ledgerwood, 2018; Nosek et  al., 
2018; Open Science Collaboration, 2015; Van’t Veer & Giner-Sorolla, 2016). If, upon peer 
review, the research questions are deemed important and the methods for answering them 
suitable, the journal will publish the paper regardless of the outcome. At the time of this 
writing, more than 80 science journals offer registered reports. In contrast to typical pub-
lishing models, an open science model, in which scientists make their study plans public, 
encourages more rapid scientific advancements, reduces publication biases, and increases 
the reproducibility of research findings to cope with the replication crisis (Maxwell et al., 
2015; Open Science Collaboration, 2012).

Promoting scientific literacy through authentic inquiry learning experiences

Exposure to open science, including citizen science, offers authentic inquiry learning expe-
riences that have the potential to impact how students understand and value science. For 
example, participation in citizen science has been found to positively impact middle and 
high school students’ understanding of the nature of science inquiry (Crawford, 2012), and 
their attitudes toward STEM (Meyer et al., 2014). Moreover, students who participate in 
study conceptualization and peer review gain a more accurate picture of the social nature 
of science, and of the roles that they could have in generating scientific knowledge (Har-
ris et  al., 2020; Robnett et  al., 2015). Such roles can furthermore highlight the personal 
and social relevance of science: Rather than replicate classic experiments for which the 
outcomes are already known—a typical approach to classroom-based science (Furtak & 
Penuel, 2019; Linn et al., 2016)—students are given agency to ask and answer open-ended 
questions that are relevant to them and their communities. Such student-driven inquiry 
approaches can be motivating for learners, and further allow them to experience and appre-
ciate the satisfaction of overcoming personally meaningful challenges (Buchanan, 2019).
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Early science inquiry experiences can shape the positive values and attitudes toward 
science that are critical for developing scientific literacy, a major goal of science education 
(American Association for the Advancement of Science, 1989, 2011; National Research 
Council, 1996; National Science Foundation, 1996; Osborne, 2010), as well as a goal of 
citizen science efforts (Brossard et al., 2005; Jordan et al., 2011; Roche et al., 2020; Saun-
ders et al., 2018). As defined by the National Research Council (American Association for 
the Advancement of Science, 1989, 2011; National Research Council, 1996; National Sci-
ence Foundation, 1996; Osborne, 2010), a person who is scientifically literate understands 
and can apply scientific processes and concepts to participate effectively in both everyday 
and high stakes decision making. Scientific literacy includes the ability to formulate and 
determine the answers to questions; to describe, explain, and predict observations; and to 
generate and evaluate scientific information and arguments in terms of the quality of evi-
dence, and the methods that generated it.

Thus, scientific literacy encompasses abilities in experimental design and peer review, 
which each require understanding and applying concepts to design and evaluate the pro-
cesses by which scientific knowledge is generated.

Students’ experimental design abilities

What makes an effective experimental design

Robust experimental designs have several characteristics (Walters, 2020): They are driven 
by testable questions or hypotheses that specify relationships between variables; they dis-
tinguish independent and dependent variables, aligned with the question or hypothesis; 
they use valid and reliable means to operationalize variables; they control for other vari-
ables to allow comparison and causal inference; they select and sample populations with 
attention to representativeness and generalizability; and they draw conclusions based in 
evidence from findings, with attention to limitations and possible alternative explanations.

There are various challenges to building students’ experimental design skills in class-
room contexts, from elementary to university levels (Roche et al., 2020). Cognitive barriers 
include challenges with understanding and applying concepts and skills related to the disci-
pline, and to experimental design; and with having a sufficient grasp of the field to concep-
tualize useful scientific contributions. Affective barriers include students’ lack of motiva-
tion to learn research methods due to anxiety over the perceived difficulty, or their failure 
to recognize its personal relevance (Earley, 2014). Logistic barriers include limited access 
to equipment, human subjects, and time (Perlman & McCann, 2005; Woolley et al., 2018), 
as the length of a class period and the structure of traditional school curricula are typically 
not conducive to student-led inquiry (Fitzgerald et al., 2019). Cultural barriers include the 
challenge of cultivating open science practices in classroom environments, in which stand-
ards for assessment tend to encourage independent work, and to counter the tenets of open 
science. Importantly, teachers, who are critical mediators of students’ citizen science par-
ticipation, may also lack the confidence and preparation to support their students’ learning 
(Fitzgerald et al., 2019; Jenkins et al., 2015; Kelemen-Finan & Dedova, 2014).

Supporting students in learning experimental design

Given these barriers, it is not surprising that students struggle with experimental design. 
For example they have difficulty formulating answerable research questions; identifying 
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and operationalizing variables; designing methods aligned with research questions; and 
interpreting data with attention to limitations, potential confounds, and alternative explana-
tions (Chen & Klahr, 1999; Dasgupta et al., 2014; Fuller, 2002; Kuhn & Dean, 2005; Shi 
et  al., 2011; Woolley et  al., 2018). Both middle and high school students have difficulty 
identifying and manipulating variables (Bullock et al., 1999; Burns et al., 1985; Dolan & 
Grady, 2010; Fuller, 2002), and controlling for variability in their experimental designs 
(Chen & Klahr, 1999; Kuhn & Dean, 2005). Elementary students tend to find it easier to 
identify faults in others’ experimental controls than to design those experimental controls 
themselves (Bullock et  al., 1999). These challenges are not limited to K-12 classrooms: 
undergraduate students also struggle to identify which variables to measure to address 
a hypothesis (Salangam, 2007), to align treatment and outcome variables in articulating 
hypotheses (Beck & Blumer, 2012; D’Costa & Schlueter, 2013; Griffith, 2007; Harker, 
2009; Libarkin & Ording, 2012; Salangam, 2007), and to draw conclusions based in evi-
dence from an experiment’s findings (Dolan & Grady, 2010; Harker, 2009; Hiebert, 2007; 
Tobin & Capie, 1982).

Prior research has found that students in higher education contexts develop abilities in 
experimental design through authentic and meaningful scientific inquiry (e.g., Killpack 
et  al., 2020; Sujarittham et  al., 2019). Yet, few such experiences are offered at the pre-
college level (Deemer et al., 2021), and those that do exist tend to focus on the physical and 
life sciences (e.g., (e.g., Etkina et al., 2003; Harris et al., 2020; Robnett et al., 2015). Thus, 
less is known about students’ experimental design and peer review abilities in psychologi-
cal sciences, in spite of the increasing relevance of this domain at the pre-college level, 
and to various career paths (Iandoli & Shen, 2021; Kadir & Broberg, 2021; Shneiderman, 
2020).

Students’ peer review abilities

The value of peer review

In contrast to experimental design, peer review tends to be more familiar to both students 
and teachers as a standard formative assessment practice in educational settings. Also 
known as peer assessment or peer feedback, classroom-based peer review involves students 
exchanging feedback on one another’s work. Although peer review is a key part of scien-
tific inquiry, it has mostly been studied in language arts classrooms and in higher education 
settings (Double et al., 2020), or else in the context of students learning physical sciences 
such as astronomy, and life sciences such as ecology (Anker-Hansen & Andrée, 2019; 
Ketonen et al., 2020; Tsivitanidou et al., 2012).

These studies on peer review have shown the multiple benefits of this assessment 
practice for both students and teachers across educational levels (Black & Wiliam, 1998; 
Dolezal et  al., 2018; Double et  al., 2020; Dysthe et  al., 2010; Ed et  al., 2001; Hattie & 
Timperley, 2007; Kennedy et  al., 2008; Li et  al., 2020; Loretto et  al., 2016; Noonan & 
Randy Duncan, 2005; Shute, 2008; Sluijsmans, 2002; Tsai et al., 2002; Tsivitanidou et al., 
2011; van Gennip et al., 2010; Wanner & Palmer, 2018; Xiao & Lucking, 2008). Specifi-
cally, teachers benefit from peer review in that the burden of assessment shifts from them 
to their students (Wanner & Palmer, 2018). Meanwhile, the benefits of peer review for stu-
dents are bi-directional: Students’ work benefits from peers’ recommendations, and review-
ers also benefit by giving reviews (Huisman et al., 2018). The process of reviewing more-
over promotes reflection as students compare their own work to that of their classmates 
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(Panadero, 2016; Race, 2014). In doing so, student reviewers can learn what constitutes 
high quality work (Kollar & Fischer, 2010), and then apply these criteria to their own work. 
Peer review implemented in a classroom context can ensure that students receive timely 
feedback; feedback from multiple perspectives; and sometimes, more useful feedback, as 
students tend to find feedback from peers to be more understandable than feedback from 
teachers (Black & Wiliam, 1998). Importantly, peer review can heighten students’ sense 
of autonomy by lessening students’ dependence on their teacher (Shen et al., 2020). In line 
with the ideals of participatory learning, peer review can empower students by foreground-
ing their expertise (Sackstein, 2017). As evidence of these outcomes, studies show that 
peer assessment results in better academic performance compared to both teacher assess-
ment and no assessment, and similar outcomes compared to self-assessment (Dolezal et al., 
2018; Huisman et al., 2018; Li et al., 2020; Loretto et al., 2016; Noonan & Randy Duncan, 
2005; Tsai et al., 2002; Tsivitanidou et al., 2011).

What makes an effective peer review

In science education contexts, high quality peer reviews can be defined as justified eval-
uations of the strengths and weaknesses of peers’ work, with specific suggestions for 
improvement. To effectively review a research study requires a particular set of abilities, 
understandings, and dispositions (Gaynor, 2020), including sufficient conceptual under-
standing of experimental design such that issues can be identified and paired with concrete 
solutions; as well as an ability to communicate these critiques in ways that will be helpful 
to the recipient, that is, by offering clear explanations for a critique, with concrete recom-
mendations for improvement.

A meta-analysis of the impact of peer feedback (Hattie & Timperley, 2007) showed that 
the most impactful feedback provided specific recommendations for better performing a 
task. Less impactful feedback focuses only on whether goals were achieved, and the least 
impactful feedback merely praises or criticizes work. Prior research found that high school 
students were more likely to understand peer feedback that recommended solutions for 
improvement; more likely to agree with feedback that softened criticism with accompany-
ing praise; and more likely to implement feedback that was understood, with which they 
agreed, that offered explanation, and that expressed uncertainty (e.g., it is possible that… 
maybe you should…) (Wu & Schunn, 2020a).

Supporting students’ in learning to peer review

As with experimental design, peer review presents a number of cognitive and affective 
challenges to students. Research finds that students contend with a complex set of social 
influences on how reviews are given and received, including trust, motivation, and comfort 
with one another (e.g., Kasch et al., 2021; Kaufman & Schunn, 2011; Panadero, 2016; van 
Gennip et al., 2010; Zou et al., 2018). For instance, student reviewers tend to be less con-
cerned about the accuracy of their reviews, and more about social perceptions of causing 
embarrassment or of being unkind (Christianakis, 2010; Peterson, 2003).

Students’ perceptions of peer review are also mixed. Some research finds that students 
tend to mistrust the expertise of their peers (Kaufman & Schunn, 2011), to view teacher 
feedback to be more helpful (Tsui & Ng, 2000), and to be more likely to apply teacher 
feedback as opposed to peer feedback in revising their work (Yang et  al., 2006). At the 
same time, mistrust of peer feedback can make students more mindful recipients of critique 
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(Bangert-Drowns et al., 1991), which is related to their greater independence and auton-
omy as learners (Yang et al., 2006).

Other research suggests that it is the content of feedback rather than students’ percep-
tions of it that impacts whether students apply it to their revisions (Gielen et  al., 2010; 
Kaufman & Schunn, 2011; Strijbos et  al., 2010). This indicates the importance of stu-
dents learning to produce effective peer reviews, and need to intentionally support them 
in doing so (Gielen et al., 2010; Hovardas et al., 2014; Lu & Law, 2012; Topping, 2009; 
van Zundert et  al., 2010). Intentional guidance in peer review can motivate the reasons 
for conducting peer review; increase appreciation for the value of peer review; generate a 
collective understanding of the characteristics of helpful reviews, and help to make peer 
assessment most impactful (Li, 2017; Li & Grion, 2019; Schunn et  al., 2016; Tasker & 
Herrenkohl, 2016). Notably, incorporating conventions of professional peer review into 
classroom contexts appear to help. In one study among university students, for example, 
anonymous peer reviews helped peer reviewers to focus on the content of their peers’ work 
rather than on guessing their identities (Yu & Sung, 2016); increased the value percep-
tion of peer assessment; and also encouraged more critical feedback (Howard et al., 2010; 
Ketonen et al., 2020; Panadero & Alqassab, 2019).

Research questions and rationale

Experimental design and peer review encompass many of the skills and concepts described 
by scientific literacy. As well, they are each key, interrelated processes in science inquiry, 
with potential to mutually benefit one another: As peer reviewers apply their own experi-
mental design expertise to evaluating others’ work, they may also learn new techniques and 
insights to apply to their own experimental designs. Student-driven citizen science inquiry 
offers particularly rich opportunities for developing scientific literacy because it allows stu-
dents to pursue research of interest to them. Yet, this same advantage also raises questions 
regarding how to build on students’ personal interests, while also guiding their abilities to 
articulate, study, and evaluate research of broader importance, both related to, and outside 
of their personal interests, and in which they may lack disciplinary content knowledge.

To better understand the learning potential in open science, we explore the interests, 
experiences, and development of students’ study design and peer review abilities, through 
their participation in a citizen science platform and curriculum on human brain and behav-
ior research. Specifically, we ask:

1.	 What kinds of studies do students design?

a.	 What are the foci of students’ research questions?
b.	 What dimensions of quality characterize their study designs?
c.	 In what ways do their study design abilities change from pre to post?

2.	 What kinds of peer reviews do students generate?

a.	 What dimensions of quality characterize students’ peer reviews?
b.	 In what ways do students’ peer review abilities change from pre to post?

3.	 What are students’ experiences participating in open science? That is, how do they 
perceive the value and process of designing studies, and participating in peer review?
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For RQ1b and RQ1c, and RQ2a and RQ2b, we hypothesize that students will improve over 
the course of the unit in certain aspects of study design and peer review. However, given 
the complexity of these skills, and the time necessary to master them, we also hypothesize 
that students will continue to struggle with certain other aspects of study design and peer 
review. By understanding the focus and quality of students’ study designs and peer reviews 
(RQ1 and RQ2), and describing students’ perceptions of open science (RQ3), we aim to 
inform the design of classroom-based curriculum in citizen science, and in open science 
contexts more broadly.

Methods

To explore students’ interests, experiences, and scientific literacies in an open science 
context, we created and implemented a high school human brain and behavior unit, sup-
ported by a citizen science platform called MindHive (Dikker et al., 2022). The platform 
has a Discover area where students can explore and participate in studies created by sci-
entists and other students; and a Develop area where they can create studies, collect data, 
and exchange peer reviews on studies created by students within their class and at other 
schools. Teachers can create and invite students to a class, view their students’ platform 
activity, and create assignments using the My Classes page. To date, MindHive has been 
used by ~ 350 students across 9 schools, and hosts ~ 300 studies created by both students 
and professional scientists.

Through quantitative and qualitative analyses of student-generated artifacts, survey 
responses, and interviews, we describe changes in specific dimensions of students’ study 
designs and peer reviews, and their perceptions of the value of an open science approach.

Participants and context

Three high schools in three states of the United States participated in this study during 
Spring 2021 (Table  1). The schools, referred to here by pseudonyms, were Gordonia, a 
private school in a large northeastern city; Myrtle, a private boys high school in a small 
southern city; and Redberry, a large public science magnet school in a small mideastern 
city. There was a total of 104 students across 6 class periods (1 period in each of Gordonia 
and Myrtle, 4 class periods in Redberry).

The three teacher participants had 8–20 + years of K-12 teaching experience, and had 
previously used MindHive in their classrooms. The teachers also had prior formal training 
and professional backgrounds in science, with one teacher (Gordonia) having studied envi-
ronmental science education, one (Myrtle) having previously been a cancer and immunol-
ogy scientist, and the other (Redberry) having a PhD in biochemistry, and a previous career 
in biotechnology. Each of the teachers valued, and often provided students with hands-on 
student-led inquiry learning experiences, and incorporated various forms of peer assess-
ment into their instruction.

Students in this study were using MindHive for the first time. Their own prior inquiry 
learning experiences were in line with the standards followed by U.S. high schools. 
These experiences included completing lab reports that involved developing inquir-
ies into hypotheses, identifying variables, analyzing data, and writing evidence-based 
conclusions. In early grades, these projects are highly scaffolded. In later grades, they 
become increasingly student-driven in preparation for the variety of assessments that 
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students may encounter, such as college board testing, International Baccalaureate (IB) lab 
requirements, or advanced level independent research projects. Thus, for students in this 
study, their participation in MindHive was a first inquiry experience with such a level of 
student-directedness.

Unit description and activity flow

All classroom activities were guided by MindHive (www.​mindi​ve.​scien​ce), an online citi-
zen science platform and accompanying curriculum that supports teachers, students, and 
scientists in conducting real-world human brain and behavior research (Dikker etal. 2022). 
MindHive is designed following open science principles, and intended to support citizen 
science inquiry in the field of human cognition and neuroscience (hereafter referred to as 
brain and behavior research). Human brain and behavior research focuses on questions of 
immediate personal relevance to students. As such, it offers unique opportunities for learn-
ers to grapple with important research issues, such as ethics, inclusion, and participant 
experience; the importance of context in interpreting findings; and the relation of all these 
to the validity of evidence. Moreover, the cross-cutting nature of concepts in brain and 
behavior research allows it to easily complement many traditional STEM courses, includ-
ing those with foci on environmental science, molecular biology, and research methods; 
to attract broader audiences to STEM; and to prepare students for careers in human–com-
puter interaction, engineering, and user experience, which each have foundations in human 
brain and behavior research (Iandoli & Shen, 2021; Kadir & Broberg, 2021; Shneiderman, 
2020).

MindHive invites students and scientists into an open science community, in which they 
can generate and review studies on human brain and behavior. Vetted studies from both 
students and scientists are contributed to a bank of studies available for public participa-
tion. Members can use these studies as models, and remix them by adapting instruments 
and experiment design patterns. In the classroom implementations that we support, sci-
entists also join class sessions to serve as mentors during students’ teamwork. Previous 
research found MindHive to be successful in promoting aspects of students’ science learn-
ing activation, including their fascination with science, and their agency as citizen scien-
tists (Matuk et al., 2021).

In this study, students completed the unit’s 14 lessons in 1–4 class periods per week over 
6–9 weeks (Table 2), during which they worked in small groups to conceptualize and pro-
pose study designs, and then to peer review one another’s proposals. Below, we describe 
the activities designed to support students’ study designs and peer reviews.

Students’ study design process

Students’ study design process was guided in multiple ways. First, they were introduced to 
the fundamentals of experimental design through interactive lectures and small and whole-
group discussion activities. Second, they were exposed to models of experimental designs 
by participating in and reviewing scientist-designed MindHive studies. Four scientist men-
tors—neuroscience students enrolled in PhD programs across the United States, and whom 
we recruited from our network of neuroscientist colleagues—joined some of these class 
sessions (~ 5 class sessions/implementation, per school) to share their work, and to provide 
feedback on students’ ideas. One mentor also designed a study featured on the MindHive 
platform that we paired with a lesson on mindfulness and the brain.

http://www.mindive.science
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Table 2   Overview of lessons in the MindHive unit

Lesson number and topic Assignments/homework

0 MindHive curriculum overview & onboarding • Pretest survey
1A Making science—asking questions
  • Students learn about the ingredients of a good 

research question. What makes a question rel-
evant, generalizable, and testable?

  • Students begin by exploring how they encounter 
everyday questions in science, and start to develop 
language to describe the nature of scientific 
inquiries

• Journal entry: reflect on how the changes in our 
everyday lives due to the pandemic have affected 
you. Did you learn anything about yourself or your 
friends?

• Read a synthesized paper about human brain & 
behavior research during Covid-19 for next class

1B Making science-process & communication
  • Students learn how scientists communicate with 

each other and with the public at different stages 
of the research process. How can the scientific 
community strike the appropriate balance between 
rapid discovery and scientific rigor?

• Watch a short video on citizen science using some 
guiding questions for next class

2A Involving the public-citizen science
  • Students learn about different models of citizen 

science and discuss the value and possible limita-
tions of scientist-public partnerships

• Watch Washington Post Journal video: “How China 
Is Using Artificial Intelligence in Classrooms” 
(youtube.com/watch?v = JMLsHI8aV0g&t = 13 s)

2B Involving the public—human subjects
  • Students learn about benefits and pitfalls related 

to conducting science on human research subjects 
through examples from the past and present

  • Students experience and reflect on what it is 
like to be a human subject, and engage in class 
discussions about how science and society should 
approach data from human subjects

• Participate in a MindHive Study and reflect on the 
participant experience

3A Brain & behavior research: making science
  • Students learn about basic human neuroscience 

concepts and the tools used by neuroscience and 
psychologists to understand how our brains sup-
port and explain our behavior

3B Brain & behavior case studies—risk taking
  • Students learn about dopamine as it relates to 

age, risk taking, and mood

• Participate in and reflect on the MindHive Risk-
taking Study

3C Brain & behavior case studies—social influence
  • Students learn about the social brain and how 

empathy and social influence can explain human 
behavior

• Participate in and reflect on the MindHive Climate 
Choices Study

3D Brain & behavior case studies—mindfulness
  • Students learn how different parts of the human 

brain map onto different brain functions through 
different types of mindfulness meditation

• Participate in and reflect on the MindHive Mindful-
ness Study

4A Developing your research: coming up with a 
research topic

  • Students revisit Lesson 1A (what makes for a 
good research question?) and reflect on the Mind-
Hive studies they’ve participated in thus far

• Create MindHive Study Workspace
• Fill out Brainstorm Proposal Cards

4B Align your research question with your task
  • Students learn how to translate their research 

question into testable hypotheses and create an 
appropriate study design
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Third, students followed a series of prompts we designed to guide them in express-
ing their curiosities about human brain and behavior; articulating and justifying research 
questions; reviewing relevant literature; articulating hypotheses and variables; describ-
ing participants and recruitment; designing methods; and discussing potential limitations, 
confounds, and alternative explanations, limitations (Table 3, Appendix Fig. 1). Students 
then used MindHive to create their proposed studies, which involved adapting and organ-
izing surveys and tasks from a bank of research instruments (Appendix Fig. 2), and writing 
introductions, instructions, and debriefs for participants.

Students’ peer review process

After students had created their own studies, they engaged in a discussion-based lesson 
on the role of peer review in science, including principles of, and best practices for peer 
review, and how to use feedback to revise studies. Following this lesson, students submit-
ted their completed proposals through the peer review tool in MindHive, which made them 
visible to their classmates and students from their partner school in the class network’s 
“Review” Dashboard (Appendix Fig.  3). Students were then assigned to individually 
review 1–7 studies from either their own, or a partner classroom at a different school.

To scaffold students’ peer reviews, students used a MindHive tool that allowed them to 
select proposals to review. Prompts guided students’ to give star ratings and written feed-
back on different aspects of the proposals, such as the importance of the research questions, 
the definition of variables, and the appropriateness of the study tasks (Table 4).

After completing their individual reviews, students reconvened in their study design 
groups, and served as review panels to discuss and synthesize their individual evaluations 

Adapted from authors (DATE)

Table 2   (continued)

Lesson number and topic Assignments/homework

4C Developing your proposal: Background research
  • Students learn how to do background research 

on their study topics and explore the capabilities 
of the tasks on the MindHive platform

• Find and share 2–3 articles related to their research 
topics

• Participate in a new MindHive task and describe 
what it measures

5A Peer review

  •and revised proposals, peer reviewsStudents learn 
about the role of peer review in scientific research 
and explore and discuss principles and best prac-
tices of peer review. They further discuss how to 
revise studies based on peer feedback

  • Individual students first provide peer feedback 
to studies designed by students from another class 
and then discuss and synthesize their reviews as 
small groups

• Journal entry: how might your study proposals be 
impacted by the peer review process?

• Individual peer review
• Group synthesis

5B Peer review wrap-up
  • Students continue to synthesize their individual 

reviews in groups and reflect on the peer review 
experience as a whole

• Journal entry: how did you find the peer review 
process?

• Post-review survey

5C Revise your study
  • Students read through the peer reviews of their 

studies and decide how to revise their studies

• Posttest survey
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for each of the 2–3 studies they reviewed. To do this, they responded to the prompts: “I 
like… I wish… I wonder…”. This review panel activity was intended to further mimic cer-
tain professional review practices, which aim to strengthen reviewers’ feedback by encour-
aging them to verify interpretations and come to consensus on their evaluation. It was also 
intended to enhance students’ learning experience as it allowed peer reviewers to share 
their reasoning for their evaluations. In this study, we restrict our analysis to students’ indi-
vidual reviews, written before this group review synthesis.

Data

Our data include students’ initial and revised proposals, peer reviews, and survey 
responses; interviews with teachers from three schools; and interviews with students from 
Gordonia and Myrtle (Table 1).

Study proposals. Student teams created written proposals for their research studies by 
responding to a series of prompts (Table 3, Appendix Fig. 1). Among other things, these 
prompts asked students to motivate their research focus, articulate hypotheses, define vari-
ables, and discuss potential confounds (see sample in Appendix Table 1). While our inten-
tion was for students to revise their proposals in response to their peer reviews, scheduling 
issues left them little time to do so. Our analysis thus focuses on students’ final proposals, 
which were effectively identical to the proposals they submitted for peer review.

MindHive studies were the series of online participant activities, flanked with introduc-
tions and debriefings, that students built alongside their proposal development. MindHive 
studies included the surveys and tasks that students had chosen or adapted from the public 
bank, or that they had designed themselves (e.g., in Google Forms). Links to MindHive 
studies could be distributed to collect participant data, and were also available for peers to 
examine alongside the study proposals during peer review.

Peer reviews. Each student’s peer review consisted of short responses (one to several sen-
tences long) to 8 prompts (Table  4). These asked reviewers to comment on the signifi-
cance of the research question, and the degree to which the proposals aligned methods with 

Table 4   Prompts to guide students’ peer reviews

Peer reviewer prompts

Is the research question important? Why or why not?
Is the study design appropriate? How might you improve on the study design, if at all?
Do the predicted outcomes support the researchers’ hypothesis?
Do the researchers consider possible alternative explanations for the study findings? Which might they be?
Does the study respect participants’ privacy, health, and effort? Explain your reasoning
What further question could you address in a follow-up study?
What was it like to participate? Was it the right duration? Was the task clear? Were you motivated to put 

effort into your responses? Explain your answer
Does the study seem interesting? Would you choose to participate in this study? Would you recommend it? 

Why (not)?



	 C. Matuk et al.

1 3

hypotheses, fully considered alternative explanations, and addressed the ethical treatment 
of human subjects. Due to the current state of development of the MindHive review sys-
tem, reviews were not traceable to individual students, so that it was not possible for us to 
link student reviews between the pre test, the unit, and the posttest.

Pre and posttests. Before and after the unit, we administered a survey designed to 
address various topics relevant to our broader project’s research and design goals. Our 
analyses focus on several selected items. These include two sets of pre and post open-
ended items, Design a Study and Review a Study, which together, consisted of 10 short-
answer questions that prompted students to design a research study given a research 
question, and to review a hypothetical study (Table 5); as well as two posttest items that 
asked students to rate their perceived helpfulness of, and trust in peer reviews. Finally, 
we used an open-ended posttest item that asked students, “What did you learn from the 
peer review process?” in order to qualitatively capture some of the students’ experi-
ences. Further detail on these items is provided in the description of our data analysis 
below.

Interviews. We drew on student and teacher interviews to provide context to our 
interpretations of other analyses. Interviews were conducted on Zoom following imple-
mentations with each of the 4 teachers at all three of the implementing schools, and with 
8 (5 males, 3 females) students from the two private schools, who were selected based 
on the recommendation of the teacher, and on assent and parental consent. Among other 
topics, teachers’ interviews (~ 1 h long) addressed their experiences with implementing 
the unit and their impressions of students’ learning. Student interviews (~ 30 min long) 
addressed students’ experiences with study design and peer review.

Table 5   The pre/posttest items targeting students’ study design and review abilities

Study design prompt Study review prompt

Pollution in the local river has been mapped over 
many years. How could scientists study how the 
river’s water quality impacts students’ school 
performance?

  • Explain why the research question is important
  • How would you investigate the relationship 

between water quality and student performance? 
(e.g. Who would be your participants? What 
would you measure, when, and why?)

  • What outcomes do you expect to find if your 
prediction is true?

  • What might be possible alternative explanations 
for your findings?

Researchers want to find out if air pollution interferes 
with performance in outdoor sports. They decide 
to measure 10 runners’ times in a 100-m sprint on 
a day where air quality is high, and again on a day 
where air quality is low. If most of the runners have 
slower race times on the day with low air quality, 
and faster race times on the day with higher air 
quality, then the researchers will conclude that air 
pollution has a negative impact on outdoor sports 
performance

  • Is the research question important? Why or why 
not?

  • Is the study design appropriate? How might you 
improve the study design, if at all?

  • Do the predicted outcomes support the research-
ers’ hypothesis?

  • Do the researchers consider possible alternative 
explanations for the study findings? Which might 
they be?

  • Does the study respect participants’ privacy, 
health, and effort? Explain your reasoning

  • What further question could you address in a 
follow-up study?
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Data analysis

Quantitative analysis of the foci and quality of students’ study designs (RQ1)

To describe the studies that students proposed, we analyzed the written proposals and the 
MindHive studies that students created during the unit. To describe the foci of these studies 
(RQ1a), we categorized their research questions according to the construct students pro-
posed to investigate, and calculated the frequencies of studies that fell into these categories.

To determine students’ study design abilities (RQ1b and RQ1c), two researchers itera-
tively refined a study quality rubric through initial rounds of independent coding and dis-
cussion of 3–4 studies at a time. This rubric is adapted from published rubrics for assess-
ing students’ inquiry in experimental sciences, which address similar dimensions of study 
design (e.g., conceptualization, problem solving, ethical reasoning) (e.g., Fine & Pryiomka, 
2020; Halonen et al., 2003). Our own rubric was designed to align with the scope and focus 
of our curriculum, and to the developmental stage of our high school level participants. 
Once we had defined a working rubric, the two researchers used it to independently score 
approximately 10 studies, iterating on the categories through discussion and re-coding until 
we had achieved near perfect agreement (Κw = 0.81) (Fleiss et al., 2003; Landis & Koch, 
1977). One researcher then coded the rest of the studies.

This study quality rubric rated students’ studies along several categories based on char-
acteristics that were salient to us across the proposals, and that reflected the literature 
on students’ experiment design abilities. These categories included a justification of the 
importance of the research questions, a basis in relevant existing research, proper definition 
and operationalization of variables, alignment between the study proposed and the study 
tasks created in MindHive, awareness of potential confounds and limitations, adherence 
to ethics for research with human subjects, and attendance to the participant experience 
(Table 6).

To determine students’ overall study design abilities (RQ1b), we calculated an over-
all study quality score for each study—a sum of the scores across each dimension of the 
rubric—and calculated the average of this overall score. To determine students’ perfor-
mance on specific aspects of study design we calculated average scores along each dimen-
sion of the study quality rubric (e.g., defining variables). To characterize the quality of 
students’ study designs, we compared mean scores of their studies’ individual quality 
dimensions using an ANOVA, with Tukey’s HSD posthoc tests to follow up on any sig-
nificant differences. We used this analysis for studies created at each timepoint, i.e., pretest, 
in-unit, and posttest.

To determine the change in students’ study design abilities (RQ1c), we scored their 
individual responses to the pre and posttest Study Design item (Table  5) using a rubric 
adapted from the Study Quality rubric (Table 6). This adapted rubric (Table 7) ensured that 
we aligned our categories to the ways that the pre/posttests prompted students to respond. 
We randomized the responses so that coders were blind to which responses were pre vs. 
post. Once we had achieved substantial agreement (Κ = 0.78), one researcher coded the rest 
of the responses.

To increase statistical power, we combined data across all classes for the remainder of 
our analyses after determining that there were no significant differences between the over-
all pretest study quality scores of the two classes who completed the pretest (Gordonia and 
Myrtle), F (1, 16) = 1.48, p = 0.242, nor significant differences between the six classes on 
the posttest, F (5, 77) = 0.787, p = 0.562. With classes combined, we used a pooled t-test 
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to compare students’ pre and posttest scores on the Study Design item to see whether and 
how students’ study design abilities may have changed.

Next, to more deeply explore pre to post change in study design abilities, we looked just 
at those students who had matched pre and posttest responses (N = 17). Using a Shapiro 
Wilk Goodness-of-Fit test, we found that the pre-post difference scores on the design item 
were normally distributed (W = 0.921, p = 0.135). We then conducted a paired t-test to find 
any significant differences between the overall study design scores on these students’ pre 
and posttests.

Quantitative analysis of the quality of students’ peer reviews (RQ2)

To analyze students’ peer reviews, the same two researchers iteratively refined a review 
quality rubric through independent coding and discussion of disagreements, similar to the 
process described for RQ1b and RQ1c. Each peer review consisted of statements of one 
to several sentences long in response to 8 prompts (Table  4). Two researchers read 3–4 
review statements at a time, and discussed the elements that were both apparent across 
students’ statements, and that reflected definitions from the literature on what constitutes 
a helpful peer review. Based on emergent themes, and on our comparison to the literature, 
we defined effective peer reviews as ones that were specific to the study being reviewed; 
that offered an actionable recommendation for improvement, and that provided an expla-
nation for the evaluation. To determine the degree to which reviewers were critical of the 
studies, we also coded whether or not reviews explicitly identified faults with the study 
design (Table 8).

Once we had defined a working rubric, two researchers used it to independently score 
a set of ~ 15 review statements (~ i.e., the set of responses to all review prompts by three 
individual students, Table 4) at a time, refining category definitions through discussion of 
disagreements, then repeating this process until we had achieved near perfect agreement 
(Κw = 0.881) (Fleiss et al., 2003; Landis & Koch, 1977). One researcher then coded the rest 
of the peer reviews.

To determine the overall quality, as well as the particular strengths and weaknesses of 
students’ reviews (RQ2a), we created an overall review quality score for each student’s 
review, which was the sum of the specificity, recommendation, and explanation scores of 
each of their review statements. We did not include identified faults in this overall score 
because this category was intended to categorize reviews that indicated explicit weak-
nesses, not to describe the quality of a review. As well, whether or not students gave a 
recommendation already assumed that they had implicitly or explicitly identified an area 
for improvement (i.e., a fault).

To understand how review dimensions differed from one another, we created 4 dimen-
sional scores for each review, which were the sum of scores on particular rubric catego-
ries (recommendation, specificity, explanation, identified fault) across each statement of a 
review. We explored how mean scores on individual quality dimensions (recommendation, 
specificity, explanation) differed within students’ in-unit peer reviews by using an ANOVA 
with Tukey’s HSD posthoc tests to follow up on any significant differences. We also com-
pared overall review scores between students’ pre and posttest responses using pooled 
t-tests. To explore whether students were becoming more or less critical in their reviews 
over the course of the unit, we used an ANOVA to compare mean identified fault scores of 
students’ reviews generated at three timepoints: pretest, in-unit, and posttest. Additionally, 
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we used a pooled t-test to compare if and how pre and posttest means of the category iden-
tified fault differed.

To see how students’ review abilities may have changed over time (RQ2b), we used the 
Review Quality rubric (Table 8) to score their individual responses to the pre and posttest 
Study Review item. We randomized the responses to ensure that the coder was blind to 
which responses were pre vs. post. As with the pretest study quality scores (see above) we 
increased statistical power by combining data from all classes after determining that there 
were no significant differences in overall review quality between classes at the pretest, F (1, 
16) = 1.48, p = 0.242, N = 18, nor significant differences in overall review quality between 
classes at the posttest, F (5, 69) = 1.48, p = 0.207, N = 75. With classes combined, we did a 
pooled t-test to compare students’ pre and posttest scores on the Study Review item.

To further investigate pre to post change in study review abilities, we next considered 
just those students who had matched pre and posttest responses (N = 17). We used a Shap-
iro Wilk Goodness-of-Fit test, and found that the difference scores on the review item were 
normally distributed (W = 0.968, p = 0.764). We then conducted a paired t-test to find any 
significant differences between the overall study review scores on these students’ pre and 
posttests.

Qualitative analysis of students’ study designs and peer reviews (RQ1 and RQ2)

To complement the quantitative analyses used to answer RQ1 and RQ2, we also performed 
a qualitative analysis of students’ work. Specifically, guided by the dimensions of the study 
quality and review quality rubrics described above, two researchers examined and com-
pared students’ study designs and peer reviews. Our goal was to describe the range of stu-
dents’ abilities visible across their work, and to illuminate features not captured by our 
coding rubrics. We therefore focused on identifying examples from across students’ study 
designs and peer reviews that would illustrate their varying abilities to reason about, and 
critique: implications for research; how a proposed study builds on prior research; variable 
definition and operationalization; potential confounding variables; adherence to research 
ethics; and the optimization of research participants’ experiences. Findings from this analy-
sis were organized according to these rubric themes, and presented as a qualitative descrip-
tion of illustrative and contrasting examples of students’ work.

Determining students’ experiences with open science (RQ3)

We triangulated different data sources to describe students’ experiences participating in 
open science (RQ3). First, we analyzed students’ responses to two 7-point Likert-type 
posttest items, which asked students to rate their agreement with the following statements: 
“Our peers’ reviews gave us helpful feedback that we used to revise our work,” and “I 
mostly disagreed with our peers’ reviews.” We used these responses to determine the per-
ceived helpfulness of peers’ reviews, and the trust that students had in their peers’ reviews.

Second, we used a consensus approach (Cascio et  al., 2019) to categorize students’ 
responses to an open-ended item on the post-survey, which asked “What did you learn 
from the peer review process?” One researcher developed categories based on an initial 
reading and coding of all responses. A second coder then used these categories to indepen-
dently code all the responses. We resolved disagreements through discussion, and modified 
and re-coded the categories accordingly. We then calculated the frequencies of responses in 
each category.
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Third, we read transcripts of students’ and teachers’ interviews, and identified instances 
of students’ self-reports, and of teachers’ observations, of students’ experiences participat-
ing in open science. These instances included descriptions of the challenges and/or per-
ceived value of engaging in the study design and peer review processes. We used these 
instances to qualify students’ experiences, and to complement our interpretation of our 
other data sources. In our findings, we use quotes from interviews and the short-answer 
survey item described here to illustrate the themes that emerged.

Findings

For ease of readability, this section first presents quantitative findings regarding students’ 
study designs (RQ1) and peer reviews (RQ2). Following this, we present qualitative 
findings that address dimensions of quality across both students’ study designs and peer 
reviews.

RQ1 what kinds of research studies do students design?

RQ1a students’ research foci

Documents of individual students’ research ideation demonstrate their curiosity about, 
and intuitions for the questions that can be answered by human brain and behavior science 
methods. Most of the students’ questions appeared to stem from, and to have direct impli-
cations for students’ everyday experiences and concerns. As one student wrote of their 
interest in superstitions:

As a person who participates in sports, I see a lot of teammates do things or not do 
certain things for luck. I just really wonder how we as humans develop superstition, 
and why we develop it.

Another student wrote of their curiosity about birth order effects:

My question was “Does being the youngest, oldest, middle, or only child affect your 
independence in daily life at the ages (14–18)? ”. One thing that draws me to my 
questions is my wonders in life and things that I’ve noticed around me. I’ve always 
taken curiosity in the way people are in their family like middle or only or oldest 
or youngest since I feel like there’s something that changes or alters your behavior 
based on that.

The 26 proposals that students eventually coalesced upon with their teams covered 
diverse foci, from impacts of the pandemic on mental health, to the effects of music on 
memory (Table 9). For example, a number of teams proposed studies to investigate ideal 
conditions and strategies for studying, such as “how the amount of time after [a person] 
wake[s] up affects their performance on critical thinking skills and memory” to show “what 
time they are the best at test taking.” Meanwhile, others sought to describe the impacts of 
living in the pandemic on people’s mental and physical health. For instance, one team’s 
proposal asked “What impact does wearing a mask have on high schoolers’ ability to gauge 
emotion?”.

Without exception, students proposed participants who were, or at least included, ado-
lescents like themselves. Besides being a personally relevant age group, students seemed to 
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recognize the more general need for a scientific understanding of this population. As one 
student wrote:

I… think we should stick to the ages 14–18 or highschool age as that’s an age a lot of 
scientists want to focus on but don’t have a lot of information about as we are a very 
interesting age.

RQ1b quality of students’ in‑unit study designs

The team team studies created during the unit (N = 104) had a mean overall quality score 
of 12.74 out of a possible 16 points (SD = 2.30, range = 4–16). Scores on individual dimen-
sions (each with scores ranging from 0–2) were significantly different from one another, 
F (7,824) = 19.34, p < 0.0001. (Table 10, Appendix Fig. 5). Study designs scored highest 
on the dimensions Participant recruitment (M = 1.88, SD = 0.46), Attention to participant 
experience, and Builds on literature. They scored lowest on Alignment between hypothesis 
and methods (M = 1.22, SD = 0.65), followed by Attention to confounds and limitations.

RQ1c pre to post changes in study quality

A pooled t-test of students’ pre and posttest responses to the Study Design item showed no 
significant differences in overall study quality scores between the pre (M = 7.70, SD = 2.64, 
N = 20) and posttest (M = 7.33, SD = 2.72, N = 83), t(29.53) = 0.57, p = 0.58, d = 0.14 
(Table  10). We found similar results when we excluded incomplete responses, and used 
a paired t-test to compare only those students who had completed both the pre (M = 7.78, 
SD = 0.59, N = 18) and posttest (M = 7.44, SD = 0.59, N = 18), t (16) = 1.04, p = 0.31, 
d = 0.58.

Certain individual study quality dimensions differed significantly from pre to post 
(Appendix Fig.  5). Specifically, students were better at justifying the importance of a 
research study by the posttest (M = 1.34, SD = 0.85, N = 83) than they were at the pre-
test (M = 0.85, SD = 0.88, N = 20), t (28.17) = -2.25, p = 0.03, d = 0.57. However, students 
appeared to decline in their abilities to discuss potential confounds, limitations, and alter-
native explanations of their study designs from the pretest (M = 1.35, SD = 0.88, N = 20) to 
the posttest (M = 0.82, SD = 0.78, N = 83), t (26.81) = 2.48, p = 0.02, d = 0.64. The effect 
sizes of each of these results suggests medium practical significance. Students’ abilities on 
other study quality dimensions remained unchanged from pre to post.

Individual quality dimensions of students’ pretest study designs differed significantly 
from one another, F (5, 114) = 5.02, p = 0.0003, N = 20. Pretest scores on Justification 
of Importance and Research Ethics were especially lower than pretest scores on other 
dimensions.

Individual study quality dimensions also differed significantly from one another at the 
posttest, F (5, 492) = 21.46, p < 0.0001, N = 83. Like in the pretest, students struggled with 
considering ethics in their research design decisions (M = 0.73, SD = 0.44). Unlike the pre-
test, students appeared to struggle with attending to confounds and limitations (M = 0.82 
SD = 0.78) while having no trouble justifying the importance of the research (M = 1.34, 
SD = 0.85).

Examples of student responses that demonstrate these pre-post trends can be viewed in 
Table 11, and possible reasons for them are explored in the Discussion section.
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RQ2 what kinds of reviews did students generate?

RQ2a quality of peer reviews generated during the unit

Peer reviews ranged greatly along the dimensions we analyzed (see Table 12 for exam-
ples), from brief responses to each prompt (“I think it is apporpriate [sic], I don’t see 
any problems.”), to elaborate evaluations of multiple aspects of the study designs (e.g., 
Example 2 in the Recommendation row of Table  12). Students’ reviews were gener-
ally positive, mostly rating their peers’ studies 3–4.5/5 stars (1–2 stars were only given 
to proposals that lacked required sections), and identifying few faults (M = 2.28/6, 
SD = 1.15, N = 240). Reviews were equally positive about peer-designed studies during 
the unit (e.g., “Honestly really good job on the [study] design- I really like how it is 
planning on being set up.”) as they were about studies reviewed on the pretest (M = 2.33, 
SD = 0.89, N = 18) and the posttest (M = 2.08, SD = 0.97), F (2, 237) = 1.66, p = 0.19. As 
well, this positivity did not change from pre to post, t (27.12) = 1.05, p = 0.30, d = 0.27.

Scores on individual review quality dimensions differed significantly, F (2, 
438) = 212.64, p < 0.0001 (Table  13, Appendix Fig.  4). Students’ reviews were more 
likely to be specific (M = 3.91, SD = 1.37) than they were to offer a recommendation 
(M = 1.15, SD = 1.07), p < 0.0001, d = 2.25). Reviews were also more likely to give an 
explanation (M = 3.78, SD = 1.42) than they were to offer a recommendation, p < 0.0001, 
d = 2.09). The large effect sizes of these results suggest that they had high practical sig-
nificance. To illustrate, consider this peer reviewer’s comments on the appropriateness 
of one student group’s proposal to use a self-report survey to investigate changing die-
tary habits before and during the pandemic:

I think the study design is appropriate, however, it will be difficult for participants 
to determine what they were craving before the pandemic and to get them to be 
honest about it.

Reflective of the trends found across our sample, this excerpt shows how the student 
reviewer identified a specific threat to the validity of the data, but stopped short of offer-
ing recommendations for addressing it.

RQ2b pre to post changes in review quality

There were no significant differences between the overall review quality scores on the pre 
(M = 7.06, SD = 3.00, N = 18) and posttest (M = 6.83, SD = 3.03, N = 75), t (26.11) = 0.29, 
p = 0.77, d = 0.08. We also found no significant differences in overall review quality scores 
when we did a paired t-test among only those students who had completed both the pre 
(M = 7.12, SD = 3.06, N = 17) and the posttest (M = 6.06, SD = 3.47, N = 17), t (16) = 1.526, 
p = 0.147, d = 0.32. Individual review quality dimensions also did not differ significantly 
between pre and post (Table 13).

Among pretest responses, however, scores on individual review quality dimensions dif-
fered significantly, F (2, 51) = 4.68, p = 0.01, N = 18. In particular—and similar to what we 
observed of peer reviews generated during the unit—students’ reviews were more likely to 
be specific (M = 2.94, SD = 1.30) than they were to give a recommendation for improve-
ment (M = 1.67, SD = 1.03), p = 0.003, d = 1.08). The effect size of this result indicates 
high practical significance. As an example, consider the following student’s pre-test review 
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Table 12   Contrasting examples of peer reviews for each dimension of review quality

Dimension 
of review 
quality

Examples of students’ peer review statements

Specificity Study reviewed: “The Effect of School on Sleep”
Reviewer prompt: Q1: Is the research question important? Why or why not?
Example 1
Reviewer prompt: I think this research question is important, as it is very applicable to a large part of the 

population
Example 2
It is important to understand how stress plays a role in sleep. It might be a good idea to in the future extend 

the study to find ways to reduce stress
Example 3
I think a confounding variable would be that it would take people some time to get used to the program in 

the beginning, so that may be a reason why people may be slower in the beginning and faster at the end. 
Also, it was a little annoying that all the words had to be correctly capitalized

Recommen-
dation

Study reviewed: “Musical Memory”
Reviewer prompt: What was it like to participate? [Comment on duration, clarity of instructions, quality of 

engagement]
Example 1
I think it felt a bit long and boring because I had to complete the memory recall task multiple times, but 

overall I was motivated because I think it’s a really interesting research question. I would recommend 
people to participate in this study because I think this question is one that requires a lot of data points, so 
it would be interesting to see any general trends that come out of this

Example 2
The first task I did, I found it pretty fun to participate however I began losing motivation when the same 

images kept on repeating for each task. I feel like that made it harder for me to answer correctly because I 
was more confused about whether I had seen that image from this task or the previous task than focused 
on the music. Also, I think it would be nice if the tasks were put in a more clear order since they had num-
bers next to them but weren’t put in order of those numbers but the duration was right, somewhere around 
15 min. This study definitely does seem very interesting and I would recommend it since I’m interested to 
know the results!

Study reviewed: “Let’s Argue! Hearing Hot Topics”
Reviewer prompt: Is the study design appropriate? How might you improve on the study design, if at all?
Example 1
“I think this study design was appropriate however, some of the questions were worded a bit confusing. 

Also, for the Initial Affiliation Survey, the buttons weren’t working.”
Example 2
“In the Initial Affiliation Survey, I couldn’t really tell if I was clicking my answer because it didn’t show 

anything. I think that a slider with strongly agree at one end and strongly disagree at the other end would 
be better and easier for the participants to use. I think that in the first set of scenarios, there could be an 
other space for the "how would you talk to her". On one of the questions, I didn’t really agree with any of 
the possible answers, so having an other button would be helpful and more effective.”

Study reviewed: What impact does wearing a mask have on high schoolers’ ability to gauge emotion?”
Reviewer prompt: Is the study design appropriate? How might you improve on the study design, if at all?
Example 1
It is a very well-thought-out process and was quite enjoyable to participate in. The researchers may want to 

bear in mind that everyone interprets emotions differently, though. Also, the acting was fantastic!
Example 2
The goal of the study is extremely clear, so good job with that! Coming up with clear, direct research ques-

tions and plans is hard. The recording was a bit echo-ey, but my main issue with the study is the fact that 
the video is long and we read the script in English class. There’s too much nuance. Since we analyzed 
this text in English class, you know that it’s complicated and people could have different interpretations. I 
think the ability to pick up on emotions would be better tested if the actors expressed a series of emotions, 
then the participants had to identify the emotions from a large word bank. If you want to keep the current 
format, I think there should be a direction somewhere that says “please ONLY write 1–3 sentences” or 
“please name an emotion here:” depending on how much detail you’re looking for—something specific 
to get more consistent data. I don’t remember if this question was on the form, but I’d suggest telling the 
participant to pay attention to the emotions so they know what to look for, especially since they can’t go 
back to the video link in the form after they submit. Also, changing the 1 to 100 scale to something like 
1–20 might make data analysis easier. I like the “how confident are you in your assessment?” question 
though. And of course, the acting skills were on point.:D
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of a given study design, written in response to the prompt “Do the researchers consider 
possible alternative explanations for the study findings? Which might they be?”:

The researcher does not consider alternate possible outcomes. They think that the air 
quality and the data received on these sprints will prove their question about air qual-
ity and its effects right but in actuality, there are many other explanations that should 
be considered.

This student’s review offers a specific critique (i.e., that the researchers only consider 
air quality as impacting runners’ performance), but not a concrete recommendation for 
improvement (i.e., suggestions for other variables that could impact runners’ performance).

We also found significant differences between quality dimensions of reviews at the post-
test, F (2, 222) = 33.32, p < 0.0001 (Appendix Fig.  4). In particular, students were more 
likely to make their comments specific to the study proposal (M = 2.95, SD = 1.34) than 
they were to give recommendations (M = 1.40, SD = 0.94), p < 0.0001, d = 1.34). They 
were also more likely to give explanations for their evaluations of the studies (M = 2.48, 
SD = 1.25) than they were to give recommendations (p < 0.0001, d = 0.98). Both of these 
differences had high practical significance. Finally, students’ reviews were more likely to 
be specific than they were to give an explanation, although this finding was marginally sig-
nificant, and had low to medium practical significance (p = 0.045, d = 0.363).

An example of a post-test review that demonstrates these two findings is the following 
comment, made in response to the prompt, “Does the study respect participants’ privacy, 
health, and effort? Explain your reasoning”:

I believe so; however, they are testing the participant’s health in extreme pollution 
levels so it may harm them in vain of the experiment.

This review offers a critique specific to the study (i.e., in mentioning the study’s vari-
ables and context), and an explanation for why the study design does not quite address the 
criterion of respecting participants’ health (i.e., because it involves exposure to extreme 
pollution). However, this review does not offer a recommendation for improvement (e.g., 
by suggesting that the study designers conduct a natural experiment rather than an inter-
vention-based one).

Table 12   (continued)

Dimension 
of review 
quality

Examples of students’ peer review statements

Explanation Study reviewed: “How Characteristics of Music Affect Emotion”
Reviewer prompt: Do the predicted outcomes support the researchers’ hypothesis?
Example 1
“Yes, the predicted outcomes support the researchers’ hypothesis”
Example 2
“Mostly, but some of the research questions are a little broad, and could be narrowed down a little so the 

hypotheses make more sense.”
Example 3
“There seems to be a bit of a disconnect in the group, because one person put that the outcome variable is 

the memories triggered by listening to the music. The hypotheses all have differences as well; one says 
that faster tempos will induce anxiety, another says they will make the listeners happier. All of the individ-
ual hypotheses are supported by their respective predicted outcome, but there isn’t an overall consensus.”
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Qualitative description of students’ study designs and peer reviews

To complement the quantitative findings described above for RQ1 and RQ2, this sec-
tion offers a qualitative description of the quality dimensions of students’ study designs 
and peer reviews. Specifically, we describe students’ reasoning about and critique of: the 
research implications of a study; the proposed study’s contributions to existing research; 
the definition and operationalization of variables; potential confounding variables; the nav-
igation of research ethics; and the optimization of research participants’ experiences.

Identifying the personal and broader implications of research

As many of students’ research foci stemmed from their personal experiences (e.g., how to 
succeed in school), they tended to justify their studies in terms of implications for other 
youth like them (e.g., improving test performance). For example, one team designed a 
study to determine the time at which people perform optimally on memory, typing, and 
reaction time tests. They justified the importance of this study as follows:

By seeing what time someone does the best, one can organize their tasks and activi-
ties to be based off the time they do the best. People can do their homework at say 
3PM (if they do the best then) and see if that helps with them not being distracted.

Students also demonstrated abilities to consider applications of their research questions 
beyond themselves. One team, for instance, proposed studying the relationship between 
personality type, stress, and memory, a theme that could easily have translated to explain-
ing test performance. Instead, this team described implications of their research for testi-
mony in criminal cases. As they explained: “witnesses may be stressed because of anxi-
ety when giving testimonies, so officials will be able to know to what degree they should 
believe the witness and arrive at a truer conclusion.” These examples show students’ abili-
ties to articulate both the personal and broader implications of anticipated findings, which 
is key to ensuring the relevance and applicability of research efforts.

Table 13   Mean scores on individual quality dimensions of the reviews students generated in-unit, and on 
the pre and posttests

Review quality dimension Mean (SD), range Pre to post t-test

In-unit
(N = 147)

Pre
(N = 18)

Post
(N = 75)

Overall 8.84 (3.19)
0–15

7.06 (2.98)
1–13

6.83 (3.03)
0–13

t(26.11) = .29, p = .77, d = .08

Gives recommendation 1.15 (1.07)
0–4

1.67 (1.01)
0–4

1.40 (.94)
0–3

t(24.34) = 1.00, p = .33, d = .28

Specificity 3.91 (1.37)
0–6

2.94 (1.30)
0–5

2.95 (1.34)
0–5

t(26.38) = -.01, p = .99, d = -.01

Explanation 3.78 (1.42)
0–6

2.44 (1.42)
0–5

2.48 (1.25)
0–5

t(23.63) = -.10, p = .92, d = -.03

Identifies fault 2.37 (1.25)
0–6

2.33 (.89)
1–4

2.08 (.97)
0–5

t(27.12) = 1.05, p = .30, d = .27
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Building on existing research

Students’ showed varying abilities to build their studies upon existing literature. Given 
broad criteria for what background research would count, some students identified pub-
lished, peer reviewed articles, while others relied on news articles and blogs relevant to 
their topics. Students also showed varying attempts to draw upon prior research to inform 
their own study designs. These attempts varied from brief mentions of other studies’ 
research questions (e.g., “This study investigated how a traumatic event in one’s life could 
affect their risk-taking behavior.”), to providing cursory summaries of other studies’ find-
ings (e.g., “It’s best to listen to music without words (preferably classical music). However, 
it does depend on people’s tastes.”) to reflecting upon those studies’ findings. For example:

The greatest reduction in stress is achieved when listening to music in the presence 
of others, or alone and for the purpose of relaxing. I wonder what music they used in 
the study? Based on the wording, I’d assume that the participants got to choose, but 
it really could be either way [...]. I didn’t expect that listening [to] music in the pres-
ence of others would reduce stress! (Appendix Table 1)

While many responses showed room for growth, their abilities to connect their own ques-
tions to existing research demonstrated their potential to recognize their role in advancing 
scientific knowledge, which was a central lesson of our curriculum.

Defining variables and aligning methods

Aligning methods with hypotheses is central to creating robust experiments, but was also 
among the most challenging aspects for students. Student teams that used or adapted the 
existing studies, surveys, and tasks available in MindHive seemed to experience less issues. 
Meanwhile, students who sought to answer questions that could not be answered by build-
ing on existing resources appeared to struggle.

As an example, one team asked “Does art inspire people to create social change?” These 
students proposed using tasks and surveys to measure participants’ stress, emotion, and 
mindfulness before and after viewing a series of artworks created by environmentally con-
scious artists. Their goal was to understand how these measures change before and after 
participants “learn about how certain artists are impacting the environment: either through 
the visual aspects of their work itself or if the money received from the work goes to a big-
ger cause, thus helping the environment.”

One peer reviewer commented on the challenge of defining the variables identified 
(“How exactly will you rate the change in people’s inspiration?”). Another pointed out that 
“participants […] interpret art in their own way, which could differ dramatically from the 
intended message of the artist.” This same reviewer remarked that “some of the tasks in 
the study also don’t seem well connected to the question asked. The research question also 
doesn’t stay consistent, it goes from social change to environmentalism.”

This example demonstrates both students’ abilities to identify and critique misalign-
ments between a study’s methods and research questions; as well as their struggle to imple-
ment these alignments in their own designs—a feeling that even experts can appreciate. 
This example also indicates the value of the availability of MindHive’s examples and 
assets for supporting students’ inquiry. Currently, these are largely suited for research that 
involves questions about decision making, perception, and reaction time. However, future 
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development might explore ways to support students’ various research interests through the 
provision of more diverse examples and instruments.

Handling confounds in experimental design

Students’ abilities to reason about the limitations and potential confounds of study designs 
varied widely (see examples in Table 11). For instance, one student team asked “how do 
different types of music affect one’s stress level?” This team proposed administering a sur-
vey to measure participants’ perceived stress before and after listening to pop music played 
from a linked YouTube video. Whereas some peer reviewers found no issue with this study 
design, others pointed out that musical preference may be a potential hidden variable. One 
reviewer suggested addressing this by collecting additional information about participants’ 
musical preferences:

I might suggest considering adding in a survey about preferred genres of music to 
help account for the possibility that music taste changes which type of music relieves 
stress so that you can still make a reasonable conclusion even if there isn’t one genre 
that applies to the majority of the participants.

Another reviewer commented:

The study design is well done. However, it would be great if a personal choice option 
was added into the study as one of the independent variables. I feel there could be 
some misleading evidence from the study otherwise as people will be performing 
better on their preferred genres rather than simply due to the genre.

Other examples show the advantage of the personal relevance of human brain and behavior 
research for students’ reasoning about the validity of study designs. For instance, on the pre 
and posttest item regarding how to design a study to investigate the impacts of contami-
nated drinking water on students’ academic performance, students drew on contemporary 
events (i.e., the COVID-19 pandemic) to illustrate possible hidden variables (“There could 
have been a virus or other sickness that happened to emerge at the same time as the study 
was conducted.” and “Other external causes that could affect performance such as a pan-
demic.”). Students also drew on other familiar experiences with school. As this student 
wrote:

We might also be seeing that the students who are drinking contaminated water are 
being forced to stay home because they are sick from the water and that is what is 
affecting their performance in school rather than the water’s effect on them mentally. 
There might also be the explanation that the students who are drinking contaminated 
water come from lower-income families and therefore were already not focusing in 
school because they had outside pressures already and the water played no actual 
role.

Together, these examples illustrate how students used their everyday understanding to rea-
son about confounds. In particular, they show how a focus on human brain and behavior 
research allowed students to draw on familiar experiences to reason about the impacts of 
contextual factors on the validity of potential findings, a task that may have been more dif-
ficult in a domain about which they had less personal knowledge.
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Reasoning about research ethics

Students approached research ethics and participant experience in different ways. In one 
review of a peer’s study, “Has the Pandemic Changed the Environmental Impact of Peo-
ple’s Eating Habits?”, a student reviewer commented on the need for researchers to be 
aware of the impacts of their tasks on different participants, and on the need to anticipate 
the variety of participants’ experiences to ensure the validity of data. In response to the 
prompt: “Does the study respect participants’ privacy, health, and effort? Explain your rea-
soning.” this student replied:

Yes based on the proposal, however I rate this 4/5 stars because while they did noth-
ing wrong, they did not account for eating disorders (EDs) or how they may have 
changed/developed over quarantine. EDs are a serious and personal issue that affects 
many people and this topic of food patterns may be incredibly triggering. Or, if 
someone with an ED participates without being triggered, their data may create an 
outlier or not support the common trends of the data found.

Research ethics was also an issue in the studies that students designed at the pre and post-
test. Students were asked to propose a study based on this prompt: “Pollution in the local 
river has been mapped over many years. How could scientists study how the river’s water 
quality impacts students’ school performance?” Without commenting on the ethics of their 
choice, several students proposed observing the impacts of manipulating the quality of par-
ticipants’ drinking water (e.g., “give clean water and not great water to different groups and 
see the difference in student performance.”). As well, few students proposed using histori-
cal/existing data to investigate this question, which demonstrates students’ limited under-
standing of the variety of possible research methods available to them.

These students’ challenges in reasoning about research ethics may be due to the nature 
of the study context given on the pre and posttests, which contrasted with the contexts for 
which they designed during the unit. We further discuss this possibility in the Discussion 
section.

Optimizing the participant experience

Important considerations for the validity and reliability of the data collected from a study 
include ensuring clear instructions and feasible tasks that do not make unreasonable 
demands of participants. Because peer reviewers could examine their peers’ MindHive 
studies alongside their written proposals, we noticed that students were able to provide 
detailed and constructive comments on usability issues. For example, in reviewing the 
study “What impact does wearing a mask have on high schoolers’ ability to gauge emo-
tion?”, one reviewer wrote: “I’d suggest telling the participant to pay attention to the emo-
tions so they know what to look for, especially since they can’t go back to the video link in 
the form after they submit.”

We also observed students’ designing studies that balanced their research goals with a 
sensitivity to the participant experience. One student team closed their MindHive study 
with a question that asked participants to comment on their experience completing the 
study. Meanwhile, another team described:

While we want to gather data from participants over an extended period of time to 
see the long-term effects of music on students, we are limited and cannot do so with-
out making the study needlessly tedious and stretched out



Open science in the classroom: students designing and peer…

1 3

Together, these examples illustrate the advantage of engaging with MindHive studies 
alongside written study proposals for making usability issues more salient to both design-
ers and reviewers.

RQ3 what are students’ experiences participating in open science?

In terms of their experiences participating in study design and peer review, students gener-
ally rated the helpfulness of their peers’ reviews highly (M = 5.24, SD, 1.38, median = 6), 
with 78.6% of the 84 students who responded indicating that they Somewhat Agreed to 
Strongly Agreed that their peers provided helpful feedback that improved their study, and 
9.5% saying that they Somewhat Disagreed to Strongly Disagreed (Fig.  1). Regarding 
trust in the reviewer, 10.1% of students said that they disagreed with the peer reviews they 
received (M = 2.98, SD = 1.41, median = 3), while less than half (48.6% of 84 students) 
indicated that they did not disagree with their peers’ reviews (Fig. 2). This finding suggests 
that almost half of students remained somewhat skeptical of their peers’ reviews.

In their open-ended responses, students reported various benefits gained from their 
participation in the peer review process (Table 14). In particular, students described how 
reviewing their peers’ work allowed them to identify strategies they could use to improve 
their own proposals. Students additionally commented on learning strategies for effectively 
engaging in the process of peer review. Importantly, students also noted the value of peer 
review as a form of collaboration between study designers and reviewers, which is espe-
cially characteristic of an open science model.

In their interviews, teachers reported that their students found the experience of par-
ticipating in MindHive to be novel and compelling. They appreciated the opportunity for 
students to engage in each step of the research design process. As one teacher noted: “I 
think that [students] did benefit from the creative challenge of creating the experiments that 
they came up with.” One student interviewed remarked that engaging in the unit helped 
to convey “the amount of work and time [that] gets put into creating a study.” Another 
remarked that the experience was valuable for helping them “to think critically, which is 
really important throughout science and life as a whole… just being able to again delve 
beneath the surface of a certain question…. and then also just seeing how asking a question 
can develop into this huge research study.”

Students also reported valuing the open science process more specifically. Teachers 
appreciated the chance for students, through their interaction with mentors, and by partici-
pating in real studies, to connect with scientists and other professionals engaged in similar 
work. Meanwhile, students commented on how “it was really nice to have such easy access 
to, like other people’s work, and also the ability to have, like so many people respond to 
your project to get your views like almost instantly.”

Discussion

Most citizen science projects do not involve the general public nor K-12 students in the 
study ideation and peer review stages of inquiry. We worked with 6 classrooms across 3 
high schools to implement and test an open science, citizen science unit themed around 
human brain and behavior research. Students designed their own studies and then peer-
reviewed proposals of their classmates, and of students at different schools. Our analysis 
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explored students’ research interests, abilities, and experiences with study design and peer 
review. Specifically, we examined (RQ1) the focal topics of studies students designed and 
how their study design abilities changed from pre- to post-unit; (RQ2) the kinds of peer 
reviews students generated, and how their review abilities changed from pre- to post-unit; 
and (RQ3) the value that students perceived in open science by participating in one exam-
ple of an open science program, MindHive.

Our complementary quantitative and qualitative analyses showed that while students’ 
overall study design abilities did not change from pre to post (RQ1b, RQ1c), there were 
notable pre-post changes in their abilities within specific dimensions of study quality. For 
instance, students improved at justifying the importance of a research study, which indi-
cates an increased ability to perceive and articulate the real-world value of research. How-
ever, students decreased in their abilities to identify confounds and limitations from the pre 
to the posttest.

Students also struggled to align their methods to their hypotheses in their in-unit study 
designs, which confirms existing research on students’ challenges with experimental 
design (Woolley et al., 2018). Interestingly, students did not struggle to align methods with 
hypotheses in the pre and posttests. Students’ abilities to navigate research ethics also dif-
fered between the in-unit vs. pre/posttests, but in the opposite direction: Among the study 
quality dimensions we analyzed, students scored the lowest on the Research Ethics dimen-
sion based on their pre and posttest responses, but the highest on this dimension based on 
their team-generated studies during the unit.

There are two potential, non-mutually exclusive reasons for these findings. First, our 
assessment may have been inadequate in capturing changes in students’ study design abili-
ties; and second, our curriculum could have better supported students in learning to design 
studies. These issues are especially important to consider given that these students were 
simultaneously developing knowledge and abilities in research, as well as in the science of 
human behavior. Notable in this regard, and as highlighted by our qualitative analysis of 
students’ work, is the disjunct between the study topics generated by students during the 
unit (RQ1a)—which mostly involved online tasks and variables familiar to students (e.g., 
genre of background music, study strategies)—and the topic that was the focus of the pre/
post study design item (the impacts of water contamination on student performance). It 
may have been challenging for students, who, during the unit, learned and practiced apply-
ing research methods in the context of personally relevant research foci, to then be asked 
to apply these methods to research contexts outside of their everyday experiences. Had 
the research foci of our pre/post assessment been more similar to students’ research foci 
during the unit, this assessment may have better detected changes in students’ abilities. 
This observation reflects broader challenges in the design of assessments that are both ade-
quately aligned to learning tasks, and that adequately capture the transfer of learning (Har-
ris et al., 2019; Tiruneh et al., 2018). Moreover, we might expect students to have more 
refined research and peer review abilities with their greater conceptual grasp of the subject 
domain. Such a hypothesis is in line with research on the relationship between domain 
knowledge and skills (Huang et al., 2017).

These findings suggest the importance of understanding students’ curiosities in class-
room-based citizen science contexts (RQ1a), and particularly in contexts that place stu-
dents as agents in conceiving of and carrying out research. Knowing what makes students 
curious can allow us to support, validate, and build on the range of their interests. For 
instance, we might incorporate further examples of scientist-created studies that illus-
trate diverse research questions, methodological approaches, and instruments, which stu-
dents can adapt for their own studies. We might also design supports for students to better 
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articulate their interests into research questions that are of broader importance. Finally, we 
might guide their abilities to abstract and transfer their study design skills between more or 
less similar research contexts, abilities that are important to scientific literacy.

Fig. 1   Distribution of student ratings of “Our peers’ reviews gave us helpful feedback that we used to revise 
our work”

Fig. 2   Distribution of student ratings of “I mostly disagreed with our peers’ reviews”
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Despite these mixed results in researcher ratings of student study quality, teachers 
valued the opportunity for students to grapple with issues of ethics in human subjects 
research. As one teacher noted, students “were exposed to the considerations that go into 
human testing, which is something they’ve never been exposed to…” This finding suggests 
the value of offering students’ meaningful contexts in which to learn about topics in eth-
ics, which are becoming increasingly prevalent across nearly all STEM fields, including 
human–computer interaction, engineering, user experience design, and data science (Gas-
parich & Wimmers, 2014).

Regarding RQ2a (students’ peer review quality), the fact that students were generally 
positive in their peer reviews resonates with literature on the quality of peer assessment, 
which finds that students tend to be superficial and positive in their peer assessments 
(Hovardas et al., 2014). As with our analysis of students’ study design abilities, we found 
that students’ review abilities were consistent from pre to post (RQ2b). Similar to our find-
ings on students’ experimental design abilities, this observation may be explained by stu-
dents’ need for better in-unit support for learning to effectively review studies, and/or to 
shortcomings of our assessments to capture changes in students’ review abilities. More 
specifically, students may have been challenged to review studies in a research context (i.e., 
the impact of air pollution on outdoor sports performance) that differed greatly from the 
contexts for which they designed their own studies during the unit.

In terms of specific dimensions of review quality, it is notable that both in students’ in-
unit reviews, and in their pre and posttest reviews, students were better able to be specific 
in their comments and to provide explanations for their evaluations, than they were able to 
produce concrete recommendations for improvement. This finding may reflect the relative 
difficulty of making a recommendation, which requires generating new ideas, compared 
to specificity and explanation, which only require interpreting and communicating one’s 
interpretations.

Together, these trends in students’ peer reviews likely reflect their still developing abili-
ties. They suggest a need to support students in abstracting and applying their review abili-
ties to research contexts outside of the ones that are close to their personal experiences. At 
the same time, these findings resonate with research on the role of expertise in professional 
scientific peer review, in which individual reviewers often represent different degrees of 
familiarity with either the methods or the topic of the study under review. While a reviewer 
may be less able to provide specific recommendations for studies outside of their domain 
area, close alignment in domain expertise between reviewer and study designer may also 
lead to harsher—albeit more specific—reviews (Gallo et al., 2016). Ultimately, there is an 
opportunity for an open science curriculum to demonstrate to students the advantages of 
including multiple perspectives in peer review (Lee et al., 2013; Resnik & Elmore, 2016).

Regarding RQ3 (how students value peer review), students generally found it reward-
ing to evaluate their peers’ proposals, and identified various personal benefits gained from 
the experience. However, the review process was not without challenges. In line with our 
review quality rubric, students whom we interviewed expressed wanting peer reviews to 
recommend specific actions that would improve their work, to comment on the substance 
rather than to simply re-word their proposals, and to explain the reasons for their evalua-
tions. These findings resonate with Hattie and Timperley (2007), who found that the most 
helpful reviews are those that provide specific recommendations for improvement and 
that explain why they offer these recommendations. Additionally, the fact that almost half 
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of students reported disagreeing to some extent with their peers’ reviews resonates with 
other research on students’ mistrust of peer assessment compared to teacher assessment 
(Anker-Hansen & Andrée, 2019). It is likely that there were important differences between 
classrooms with respect to both communication style and expectations of the amount and 
quality of feedback. These differences in expectations may explain some students’ dis-
appointment with the cursory and generic peer reviews they received. While anecdotal, 
this observation highlights the importance of adequate training to ensure that all students 
understand the role and expectations of peer review.

Limitations

One limitation of this study is the small number of participants (n = 20) who completed 
the pretest. Three of the 6 classes were unable to participate in the pretest, in part due to 
COVID-19 related restrictions on classroom research. As a result, our pre and post samples 
differed greatly in size. Future work replicating these findings will be needed that include 
larger, matched samples.

A second limitation of our study is that we did not consider the various affective 
qualities of peer reviews. Given the existing literature on the role of affect management 
and communication strategies such as hedging (e.g., including words like “probably” 
and “maybe,” examples of which can be informally observed in Table 10) in impactful 
feedback (Wu & Schunn, 2020a), future research on the affective dimensions of peer 
reviews would provide a fuller picture of students’ review abilities.

A third limitation is that, due to scheduling issues, most students did not have the 
chance to revise their studies. As such, we are unable to see how peers’ reviews might 
have impacted students’ study designs. Other research suggests that even when given 
the time, students tend not to use their peers’ feedback to improve their work, either 
because they do not perceive the feedback to be useful, because they lack the strategies 
necessary to make use of feedback (Jonsson, 2013), or because of the multiple social 
factors that influence the uptake of peer feedback (Wu & Schunn, 2020a, 2020b). Dia-
logue between reviewers and review recipients is critical for encouraging the uptake of 
feedback; but, as we have experienced, it is challenging to create such opportunities in a 
classroom context (Tsivitanidou et al., 2012).

A fourth limitation is that, due to the status of our platform’s data logging capabili-
ties at the time of this study, we were unable to link in-unit and pre-post responses, and 
as such, we were unable to compare students’ experiences based on individual differ-
ences. For example, it is possible that students with different pretest scores followed 
different trajectories during, and after the unit. Indeed, other research suggests that stu-
dents’ with different ability levels benefit differently from curriculum interventions, and 
even from being grouped with peers of the same or different ability levels (Kyza et al., 
2011; White & Frederiksen, 1998). Continued development of our platform will allow 
such research to be conducted in future curriculum implementations.

A fifth limitation is that—due to COVID-related restrictions on in-person classroom 
research—we were unable to systematically observe how teachers and science mentors 
supported students’ study designs and peer reviews. Future research might attend to the 
roles that teachers’ and mentors’ expertise contributes to similar classroom-based open 
science communities.
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Conclusion

Participating in open science such as citizen science can improve students’ scientific 
literacy. Yet, student citizen scientists are rarely agents in the full spectrum of scien-
tific inquiry. This study described a citizen science program in which students designed 
and peer reviewed their own human brain and behavior research. It responds to calls 
to involve students as co-creators of citizen science efforts, which can ensure that such 
projects address both their educational and scientific objectives (Gray et al., 2012). By 
examining the impacts of our program on students’ study design and peer review abili-
ties, this study illustrates how citizen science can meaningfully engage students in the 
dialogue among authors and reviewers to produce and validate scientific knowledge.

Supplementary Information  The online version contains supplementary material available at https://​doi.​
org/​10.​1007/​s11251-​023-​09633-9.
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