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ABSTRACT

In this systematic review, we examine the conceptualization and historical grounding of the terms
authority, autonomy, and agency within mathematics education research. These constructs are
central to understanding power dynamics and fostering equitable participation in mathematical
learning environments. Our review includes 36 empirical studies published up to 2021, analyzing
their definitions, theoretical foundations, and intertextual references. Through a taxonomic and
domain analysis, we identify seven distinct domains: mathematical authority, authority structures,
authority relationships, autonomy as choice, sociomathematical autonomy, agency of the self, and
agency through racial identities. Findings highlight the field’s reliance on foundational theories, such
as Weber’s framework of authority, Piaget’s developmental perspectives on autonomy, and
Bandura’s conceptualization of agency, often without deep engagement with their implications for
contemporary educational contexts. While these constructs are frequently invoked, their
inconsistent definitions and overlapping usage create conceptual ambiguity. Our analysis
underscores the need for greater theoretical clarity and attention to the collective dimensions of
autonomy and agency, which remain underexplored. We call on researchers to critically engage with
the historical and epistemological roots of these constructs, explore their intersections, and prioritize
equity-focused research. By offering a detailed taxonomy, this review provides a foundation for
advancing theoretical precision and practical application in mathematics education.
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Introduction

In mathematics education, relationships of power profoundly shape who is seen as
knowledgeable, competent, and capable of autonomous action (Langer-Osuna & Esmonde, 2017).
These dynamics influence classroom interactions within the broader development of learner identities
which are constructed moment-by-moment and over time (Dunleavy, 2015; Gresalfi & Cobb, 2000;
Gresalfi et al., 2009). Addressing these relationships requires an understanding of how power is
distributed, negotiated, and contested within mathematics classrooms. To this end, researchers have
explored power dynamics from diverse theoretical and methodological perspectives, including
positional analyses (e.g., Wagner & Herbel-Eisenmann, 2014a; Wood, 20106), narrative approaches
(e.g., Langer-Osuna, 2016), and interactional perspectives (e.g., Gresalfi & Cobb, 2006; Gresalfi et al.,
2009).

Central to these discussions are the constructs of authority, autonomy, and agency, which have
substantial implications for understanding power in mathematics education. These constructs are
frequently central to efforts to design equitable learning environments. For instance, the National
Council of Teachers of Mathematics’ Catalyzing Change series (NCTM, 2018; 2020a; 2020b) explicitly
calls for fostering student agency and shifting authority in ways that support equitable participation.
However, despite their widespread use, authority, autonomy, and agency are often pootly defined
within the research literature. Their overlapping conceptualizations, frequent interchangeable usage,
and lack of clarity contribute to theoretical ambiguity and impede the development of actionable
frameworks for understanding and addressing power in mathematics education.

This gap in clarity and precision highlights a pressing need to critically examine how these
constructs have been defined, theorized, and operationalized over time. By tracing their histories and
identifying their epistemological and ontological underpinnings, researchers can gain a deeper
understanding of the assumptions that shape current scholarship and practice. Moreover, clarifying
these constructs is essential for advancing equity in mathematics education, as vague or inconsistent
definitions risk reinforcing, rather than challenging, existing power hierarchies.

In this paper, we seek to illuminate the histories, conceptualizations, and theoretical
groundings of authority, autonomy, and agency in mathematics education. Using a systematic review
of 36 empirical studies, we analyze how these three constructs have been defined and employed in the
field. By categorizing these studies and identifying patterns across time and contexts, we aim to provide
clearer distinctions and definitions that can guide future research and practice.

Aim of the Paper and Research Question

This paper aims to provide a systematic review of the math education research literature to
illuminate the specific histories, traditions, and approaches to authority, autonomy, and agency in
mathematics education research. By analyzing how these constructs have been conceptualized over
time, we seek to clarify their definitions, theoretical groundings, and the implications for
understanding relationships of power in mathematics education.

Research Question

We center our review on the research question: How have authority, antonomy, and agency been
conceptualized in mathematics education research over time?

Through this systematic review, we define the varying conceptualizations of authority,
autonomy, and agency, highlighting distinctions and overlaps across empirical studies. Additionally,
we report on the epistemological underpinnings of each construct and explore their implications for
research on power dynamics in mathematics education.
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Methods
Literature Search Procedures

To conduct this systematic review, we adhered to the guidelines of the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA; Alexander, 2020). We searched five
primary academic databases: Academic Search Complete, Education FullText, ERIC, JSTOR, and
ProQuest. These databases were selected to ensure comprehensive coverage of mathematics education
research while maintaining focus on high-quality, peer-reviewed sources. Academic Search Complete,
Education FullText, and ERIC were chosen based on Alexander’s (2020) recommendations to ensure
saturation of the literature. JSTOR was used to supplement these databases as it houses key journals
in mathematics education (e.g., Journal of Research in Mathematics Education, Educational Studies in
Mathematics, and For the Learning of Mathematics). ProQuest was intentionally included to capture
published dissertations and expand the dataset beyond traditional journal articles.

We included studies published up to 2021, as our goal was to capture the historical
development of the terms "authority," "autonomy," and "agency" in mathematics education research.
The search was conducted using these terms as keywords, requiring their presence in the title, abstract,
or keywords of the identified studies. While books, theoretical/philosophical articles, and conference
proceedings were not included in the empirical dataset, their contributions to the conceptual framing
of authority, autonomy, and agency are acknowledged in the discussion section of this paper. The
exclusion of these sources was guided by the focus of this review on empirical studies that provide
direct evidence of how these constructs are conceptualized in educational practice. We discuss this
more in the following section.

Inclusion/Exclusion Criteria

In selecting studies for this review, we developed clear criteria to ensure our analysis remained
on the constructs of authority, autonomy, and agency in mathematics education research
conceptualized and operationalized in empirical research. Our primary inclusion criteria was whether
these terms were explicitly central to the study. Thus, a study must place one or more of these
constructs at the center of its research questions, design, or analysis. We included only empirical
studies that provided sufficient methodological detail (e.g., on data collection, study context, and
analytic approach) to allow for systematic comparison and synthesis across studies.

To maintain a coherent and methodologically rigorous dataset, we excluded non-empirical
sources, such as theoretical or philosophical papers, policy documents, and conceptual essays. These
works, while often important for understanding the constructs in question, do not offer the kind of
empirical grounding required for our domain and taxonomic analysis. However, because many of
these texts are frequently cited within the 36 empirical studies, we will highlight select non-empirical
works in our discussion to support the conceptual framing of our findings. In this way, our
engagement with non-empirical sources is more interpretive, since they were not included in the
analysis of the dataset. Yet, we drew upon select non-empirical works to help situate the patterns
across empirical studies within broader theoretical conversations.

We also excluded studies that only referenced authority, autonomy, or agency in passing. For
example, when some articles only mention the constructs within their implications or conclusions,
without meaningfully engaging with constructs as part of their analytic focus. In addition, we chose to
exclude conference proceedings, given the variability in their peer review standards, and instead
focused on journal articles and dissertations to ensure high-quality methodological rigor.
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Finally, while our search was limited to studies written or translated into English, and was
focused primarily on journal articles and dissertations, we applied no restrictions based on grade level,
population, or geographic location. These parameters allowed us to capture a wide range of learning
contexts, including studies involving children, teachers, and families, to reflect the diverse settings in
which these constructs are often negotiated in mathematics education.

Dataset Construction

Our initial search, guided by the inclusion/exclusion criteria outlined above, identified 347
studies as potential candidates for this systematic review. These studies were screened in multiple
stages to ensure alignhment with the research question and focus of this review. Figure 1 outlines the
step-by-step construction of the final dataset.

In the first stage, we screened the titles and abstracts of all 347 studies. At this stage, 286
studies were excluded for not meeting one or more of the inclusion criteria, such as the absence of an
explicit focus on authority, autonomy, or agency. This process resulted in a subset of 61 studies
deemed potentially relevant. The second stage involved a more detailed review of the abstracts of
these 61 studies, with particular attention to whether authority, autonomy, or agency was central to
their focus. This step identified 25 studies in which one or more of these constructs were explicitly
discussed in the title or abstract. These 25 studies were immediately included in the final dataset. For
the remaining 36 studies, we conducted a full-text review to determine their alignment with our
inclusion criteria. This deeper examination resulted in the inclusion of 10 additional studies that
explicitly addressed authority, autonomy, or agency, bringing the total to 35 studies.

To ensure saturation and mitigate the possibility of overlooking key studies, we cross-checked
the reference lists of these 35 articles. This cross-referencing process identified one additional study
that met the inclusion criteria, which was then added to the final dataset. This step also helped confirm
that no major studies within the scope of this review were missed. The final data set comprised 36
articles. Through this process, we ensured that the final dataset reflects the empirical research explicitly
centered on authority, autonomy, or agency in mathematics education. The rigorous screening and
cross-referencing process provided confidence in the comprehensiveness of the dataset, while also
highlighting key works outside the inclusion criteria that contribute to the conceptual understanding
of these constructs, which are discussed in subsequent sections.

Figure 1

Flow diagram of study selection process
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Logic of Analysis

To explore how authority, autonomy, and agency have been conceptualized in mathematics
education research, we adopted a multi-faceted ethnographic research perspective (Green et al., 2015).
This approach allowed us to examine published articles as artifacts, or textual representations of the
theoretical and methodological choices made by researchers. By positioning ourselves as “readers-as-
ethnographic-analysts,” (Green et al.,, 2015, p. 27) we sought to uncover the epistemological roots,
theoretical orientations, and conceptual frameworks embedded within these studies. This perspective
guided our analysis, enabling us to trace the histories and relationships that underpin the
conceptualizations of these three constructs.

Our analysis began with a categorization of studies, grouping them by their primary focus on
authority, autonomy, or agency. This initial step provided a foundation for organizing the literature
and identifying patterns of emphasis within the field. We then turned to the temporal dimension,
constructing a timeline of the included studies, as suggested by Green et al. (2015). Mapping these
studies chronologically revealed how the conceptualizations of authority, autonomy, and agency have
evolved over time, as well as how certain ideas have shaped, intersected, or diverged across the
literature.

To deepen our understanding, we conducted a line-by-line analysis of each article, drawing on
Green’s (1983) domains to systematically examine key elements such as the study’s purpose,
definitions, settings, theoretical orientations, and methodologies. This process allowed us to engage
closely with the text, uncovering both explicit and implicit ways these constructs were defined and
operationalized.

A critical component of our analysis was intertextual mapping (Baron, 2019), which we used
to better understand the over-time conceptualization of authority, autonomy, and agency in
mathematics education. This method, rooted in the work of Bloome and Egan-Robertson (1993),
refers to the juxtaposition of texts, words, and phrases, such as citations or quotations, that appear
within and across documents to construct meaning. In academic writing, intertextuality is most literally
visible in how authors cite, build upon, or challenge one another’s work. We traced these relationships
across the dataset by systematically documenting who cited whom, in what ways, and for what
purposes. This process allowed us to uncover the interconnections between studies, revealing how
constructs were taken up, defined, and evolved across time.

Through mapping, we were able to identify which studies functioned as seminal conceptual
anchors, which were cited most frequently for definitional purposes, and how newer studies extended
or contested earlier work. Intertextual mapping helped us determine the influence of individual studies
and the patterns of conceptual borrowing and alighment that shaped the field’s understanding of
authority, autonomy, and agency. This lens enabled us to visualize the development of these constructs
as an unfolding dialogue rather than a set of isolated contributions, adding depth to our analysis of
how meanings have been constructed and sustained over time. Our maps are provided as figures in
the following sections.

To identify and analyze across the many conceptualizations of authority, autonomy, and
agency within the constructed dataset, we employed a domain and taxonomic analysis following
Spradley’s (1979/2016) ethnographic methods. Central to this approach is the logic of semantic
relationships; we particularly used the relationship of strict inclusion (“X is a kind of Y”) to structure
each domain within the taxonomies. Domains were constructed through an iterative, recursive, and
abductive logic (Agar, 2000), grounded in close textual engagement with each article. As we read across
studies, we attended to the language researchers used to name, define, and distinguish constructs and
examined the semantic boundaries that authors set between related terms. This analytic approach
allowed us to systematically trace how specific conceptualizations of each construct (e.g., social
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authority or sociomathematical autonomy as a domain) were languaged by researchers within to fit
within broader conceptual taxonomic categories (i.e., authority, autonomy, or agency). To identify the
specific boundaries authors used to differentiate one form of a construct from another, we posed the
same questions for each text: What kind of authority is being described? What are its attributes? How
is it situated in relation to other forms of the construct? Through comparative reading, we noted where
constructs overlapped, diverged, or evolved across contexts and time.

From these questions and comparative insights, we developed taxonomies to capture the
internal organization of each construct and highlighted how conceptual distinctions were constructed,
maintained, or refigured within the literature. This process reflects an emic, text-centered logic of
inquiry grounded in our ethnographic stance, one that privileges the conceptual language and
distinctions visible in the field’s own discourse and honors how scholars have come to define
authority, autonomy, and agency in mathematics education research.

By combining these analytic approaches, we were able to construct a comprehensive and
nuanced picture of the field’s engagement with these constructs. This multi-layered process
illuminated the epistemological and theoretical underpinnings of the studies to provide insights into
how these ideas have been shaped by and have contributed to broader discussions within mathematics
education research.

Findings

The findings are based upon the analysis of the 36 reviewed studies. We organized findings
around the three main constructs, authority, autonomy, and agency, as conceptualized in the field of
mathematics education. We use both the plural and singular “they” when referring to authors of the
included studies.

Taxonomy 1: Authority in Mathematics Education

Of the 36 included studies, 21 studies focused on researching and understanding authority as
it relates to mathematics education. Based on a domain and a taxonomic analysis, we identified three
kinds of authority domains: Mathematical Authority, Authority Structures, and Authority
Relationships. Table 1 outlines the included studies within each domain. In the following section, each
domain is described, and the characteristics of the findings are articulated.
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Table 1

Authority Taxonomy

Taxonomy  Domain Studies

Authority Mathematical Authority Wilson & Lloyd (2000)
Hamm & Perry (2002)
Inglis & Ramos (2009)
Depaepe et al. (2012)
Wagner & Herbel-Eisenmann (2014b)
Dunleavy (2015)
Kinser-Traut & Turner (2020)
Solomon et al. (2021)

Authority Structures Herbel-Eisenmann & Wagner (2010)
Wagner & Herbel-Eisenmann (2014a)
Tatsis et al. (2018)
Andersson & Wagner (2019)
Ng et al. (2021)
Authority Relationships ~ Amit & Fried (2005)

Gerson & Bateman (2010)
de Freitas et al. (2012)
Langer-Osuna (2016)
Langer-Osuna (2018)
Langer-Osuna et al. (2020)
Langer-Osuna et al. (2021)
Lai & Baldinger (2021)

Intertextual Mapping of Authority Taxonomy

Intertextual mapping of studies made visible several findings of the authority taxonomy.
Figure 2 outlines the ways studies intertextually drew on earlier conceptualizations of authority
through citations. In the subsequent sections, we outline the specific domains that make up this
taxonomy; however, there are several findings that are of interest to the entire taxonomy. Through
tracing the citations of studies included in the taxonomy, a clear influence from a single theoretical
conceptualization can be seen that has governed how authority has been defined, conceptualized, and
studied. That dominant influence is the work of the prominent sociologist Max Weber. Of the 21
studies included in this taxonomy, seven studies directly and indirectly build on Weber’s (1947)
traditional authority definition. Although sometimes this is identified as a direct citation (i.e., Amit &
Fried, 2005; Gerson & Bateman, 2010; Kinser-Traut & Turner, 2020; Langer-Osuna et al. 2020) in
other studies Weber’s influence can be traced indirectly through citing Pace and Hemmings (2007) for
a definition of authority (Herbel-Eisenmann, 2010; Wagner & Herbel-Eisenmann, 2014a, 2014b).

Pace and Hemmings’ (2007) study is a review of literature and the direct citation from their
papet is in reference to Metz (1978), who summarizes Weber (1947). In Webet’s (1925/1947) types
of authority, legal authority refers to the rules or laws established through some sort of bureaucratic
system. Traditional authority is characterized by social foundations people occupy and from which
authority can issue commands (i.e., parent, teacher, mentor). Charismatic authority, in contrast, rests
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on followers’ devotion to the exceptional sanctity, heroism, or exemplary character of an individual
leader, granting legitimacy through personal magnetism rather than established rules or tradition
(Webet, 1925/1947). Except for Amit and Fried (2005) and Gerson and Bateman (2010), the majority
of studies on authority in mathematics education do not explicitly reference a particular type of
Weber’s authority upon which they are building, such as legal, traditional, or charismatic. Through
tracing the definitions, we found that authors in the field of mathematics education most commonly
build on Weber’s concept of traditional authority.

While only seven studies were explicitly traced to the work of Weber, utilizing the intertextual
tracing provided further implications of note. Specifically, the web of citations is vast within this
taxonomy, most notably being influenced by Amit and Fried (2005). Only a few studies can be noted
as not being influenced by the work of Weber on authority (Hamm & Perry, 2005; Inglis & Mejia-
Ramos, 2009; Wilson & Lloyd, 2000). With most studies in this taxonomy being traced back to the
work of Weber, understanding how these conceptualizations have adopted and extended Weber’s
concepts of authority is important and also addressed in the next section. Later, we return to the
influence of Weber in the implications of this paper.

Figure 2

Aunthority Taxonomy Mapping
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The domain of mathematical authority encompasses 8 studies of the 21 in the Authority
taxonomy. This domain represents studies which have conceptualized authority as a constant in
mathematics education; in other words, authority is viewed as something that is delegated (Dunleavy,
2015), shared (Kinser-Traut & Turner, 2020; Wilson & Lloyd, 2000), granted (Depaepe et al., 2012;
Hamm & Perry, 2002; Inglis & Mejia-Ramos, 2009), or devolved (Solomon et al., 2021). Within this
conceptualization, authority is viewed as a pedagogical tool that teachers utilize as part of their daily
mathematical instruction. Authority is a unilateral exchange between teacher and students. In this
domain, the teacher is perceived as a constant source of authority, and the focus of these studies trace
how authority is distributed to students as a singular entity.

Beginning with Wilson and Lloyd (2000), the focus on mathematical authority centralizes
around the process of distributing authority from teacher to students. The concept of distributing
authority dictates that authority is ultimately held by the teacher, as both a position and a content
expert (Wagner & Herbel-Eisenmann, 2014b). Dunleavy (2015), citing Gresalfi and Cobb (2000)
(which was not included in the dataset due to being non-empirical), further articulates this process of
distributing authority to focus on the degree to which students are given opportunities to make
mathematical contributions within the learning of mathematics. A key distinction in this domain is
that students are referred to and operationalized as a group that is viewed as subservient in their
relationship to the teacher. Routinely cited in this domain, students occupy a position of receivers of
knowledge (e.g., Depaepe et al., 2012). Because of this distinct relationship and conceptualization of
authority, the underlying goal of studies in this domain is to examine how authority moves from the
teacher to the students. For example, Hamm and Perry (2002) focus on how teachers often hold
students “accountable for their mathematical ideas” (p. 135) through the process of distributing
authority by inviting students to explain their ideas or thinking during lessons. Similarly, Kinser-Traut
and Turner (2020) examine how one teacher began to distribute authority to students by including
student-based instructional practices and approaches more frequently than teacher derived ones in
whole-class discussions.

Authority Structures Domain

This literature review encompasses five studies for the domain of authority structures. This
domain represents studies which have conceptualized authority as structures present in the
mathematics classroom with established rules and norms for determining authority between teachers
and students. these studies use positioning theory (Davies & Harré, 1990) to determine how people
in mathematics classes are positioned as zz authority or as an aunthority (Skemp, 1979). Wagner and
Herbel-Eisenmann (2014a) articulate the distinctions between “being a7 authority because of one’s
content knowledge and being 7z authority because of one’s position” (p. 872). In this domain, authority
is again viewed as a constant in classroom-based mathematics, but the goal is to understand how it is
structured (Herbel-Eisenmann & Wagner, 2010) and the ways specific authority structures are made
visible and influenced by the discursive patterns of the teacher.

This domain builds from the work of Herbel-Eisenmann and Wagner (2010) and their study
of lexical bundles in the classroom-based discourse of secondary mathematics educators. Herbel-
Eisenmann and Wagner examined what they called stance bundles, or three or more words that
frequently occur together in a similar register (e.g., I want you to, I’'m going to do, you are going to
do) that teachers discursively use to communicate feelings, attitudes, directions or judgments, to their
learners. Based upon their analysis, they categorized four types of authority structures in classroom-
based mathematics: personal anthority, demands of the disconrse as anthority, more subtle discursive authority, and
personal latitude. 1In their 2010 study, which they subsequently elaborated upon (Wagner & Herbel-
Eisenmann, 2014a, Wagner & Herbel-Eisenmann, 2018), the different structures were defined
through the lens of the positioning theory and the linguistic cues that illuminate the different structures
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in the classroom. Personal anthority describes the ways teachers used personal pronouns (building from
Fairclough, 2001) to position students to follow a specific perceived obligation or act in the classroom.
Teachers relied on some sort of personal anthority (as in or an authority) to provide directives for students
to follow with no further justification offered. Indicators of this personal authority structure are
evidenced when people follow directives of another without explicit reasoning (Herbel-Eisenmann &
Wagner, 2010).

Demands of the discourse as authority are marked by the times that an external authority (other
than the teacher) is referenced in the exchange between teachers and students. Some examples are
visible when a teacher uses the personal pronoun, we, in statements such as we are going to bhave to. In
later work (Andersson & Wagner, 2019; Tatsis et al., 2018; Wagner & Herbel-Eisenmann 2014a), this
kind of authority was referred as discourse as authority, to note the explicit strong obligations for students
within mathematics classtooms. In the more subtle discursive anthority, stance bundles were marked as the
times teachers were “thinking ahead, but this was a special kind of forward thinking, giving the sense
that the speaker knows what will happen” (Herbel-Eisenmann & Wagner, 2010, p. 56). For example,
a teacher might reference a test that will happen or reference a future event that a specific mathematics
skill might be needed. Later, Wagner and Herbel-Eisenmann (2014a) updated this structure to discursive
inevitability, to capture language that suggests an inevitable outcome despite the speaker being unaware
of the probability of its occurrence. There is no underlying obligation; instead, this structure highlights
that the upcoming actions are simply bound to occur. In a sense, there are no decisions to be made.
The authority in this structure rests outside of the singular interaction between teacher and student.
Finally, Tatsis and colleagues (2018) built upon personal latitude which refers to the situations in
mathematics classrooms wherein people recognize they and others can make decisions about their
actions. These situations are marked by open-ended questions or invitations for additional
mathematics ideas or choices.

Authority Relationships Domain

The domain of authority relationships encompasses eight studies. This domain represents studies
that conceptualized authority as a socially constructed relationship between people in mathematics
classrooms. Within this domain, authority is viewed less as a constant; but instead, is examined through
the different relations that develop among teachers and students as well as among students during
collaborative learning endeavors. The focus of these studies remains within the interactions of people
in mathematics classrooms; thus, much of this work involves analysis of particular social positionings.
In essence, the authority relationships domain represents studies that examine who possesses authority
in interactions and the ways authority influences different opportunities for learning mathematics.

Much of this domain stems from the work of Amit and Fried (2005) and their investigation
of an eighth-grade mathematics classroom. Their analysis represents the first time in mathematics
education research that authority was referred to as a social relationship constructed within the
classroom settings. They also provide the most in-depth discussion of authority in educational settings
of any of the included studies in this taxonomy. Because of their early work, studies in this domain
shift from studying authority as “domination and obedience to negotiation and consent” (Amit &
Fried, 2005, p. 164). This shift reconceptualized students from simple receivers of mathematical
information to being co-participants in a community of learners who shape and develop different
relationships of authority. Gerson and Bateman (2010) build upon this conceptualization from Amit
and Fried (2005) to further denote that authority relationships encapsulate three axioms. First,
authority is made visible through a relationship between two or more people. Second, authority
relationships are illuminated by a change in behavior of one person based upon the actions of another.
Third, the person with authority must maintain some sort of legitimacy that is recognized in the
interaction.
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Lai and Baldinger (2021) also build from Amit and Fried (2005) and their assertion of modeling
authority relationships as expert or shared. According to Lai and Baldinger (2021), expert authority can
take the form of teachers who expect to be treated by students as the final arbitrator of what work is
produced and whether it is correctly done. Expert authority can also take the form of students who
look to teachers to be told what to believe (Lai & Baldinger, 2021). Lai and Baldinger (2021) further
note that “in contrast, shared authority leaves open the possibility that students can learn to be
effective and legitimate arbiters of what mathematical work to take up and whether the reasoning
holds” (p. 26). Much of the focus here, and the work that has built upon Amit and Fried (2005) is the
relation between the students and the teacher during mathematics instruction. Lai and Baldinger
(2021) even state that “authority relationships become visible in the ways students and teachers talk
with one another” (p. 27).

Of the eight studies in this authority relationships domain, four are the work of Langer-Osuna
and colleagues, which explicitly focus on the authority relationships among student peer interactions.
Three studies (Langer-Osuna, 2016, 2018; Langer-Osuna et al., 2020) directly build from the zfluence
framework (Engle et al., 2014) wherein the conceptualization of authority is further articulated to
describe two specific types of authority: social and intellectual. Langer-Osuna (2010) first defines social
authority as “the authority to issue directives to peers in the management of group dynamics” (p. 109)
and later refines the definition in terms of relations between people. Social anthority relations are enacted
through interactions that position students as having the right to issue directives to their peers”
(Langer-Osuna et al., 2020, p. 337). Langer-Osuna (2016) defines intellectual authority, through the
lens of positioning theory (Davies & Harré, 1990), as “the positioning of students as credible sources
of information pertinent to the particular task at hand” (p. 109). They further conceptualize this type
of authority to again focus on relations between and among people by articulating that “intellectual
authority relations are enacted through interactions that position students as credible sources of
mathematical information” (Langer-Osuna et al., 2020, p. 337).

Clearly, much of the focus of authority relationships examines human interactions within
classroom spaces. However, de Freitas and colleagues (2012) also assert that specific classroom-based
objects might also exhibit authority in classrooms (e.g., the textbook, whiteboard, or anchor charts).
While this addition of inanimate objects to the conceptualization of authority is briefly mentioned
here, the inclusion of objects as authority do not reappear in other studies within this domain, revealing
a present gap in understanding.

Taxonomy 2: Autonomy in Mathematics Education

Of the 36 studies included in this analysis, 7 explicitly highlight autonomy as it relates to
mathematics education. Based upon a domain and a taxonomic analysis, two kinds of autonomy
domains were made visible: autonomy as choice and sociomathematical autonomy. Table 2 outlines
the included studies within each of the domains. In the following section, each domain is described,
and the characteristics of the findings are articulated.
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Table 2

Autonomy Studies Taxonomy

Taxonomy — Domain Studies

Autonomy  Autonomy as choice Moyer & Jones (2004)
Wartfield et al. (2005)
Kosko & Wilkins (2015)

Sociomathematical autonomy  Yackel & Cobb (1996)

McClain & Cobb (2001)
Wood (2013)
Wood (2016)

Intertextual Mapping of Autonomy

Through the intertextual mapping of the included studies in the autonomy taxonomy, we
uncovered that this subfield of mathematics education research is relatively small and not recently
explicitly studied. In fact, with the exception of Wood (2016), studies in this autonomy taxonomy
branch from one study that explicitly researched autonomy: Yackel and Cobb (1996). Figure 3 displays
the intertextual citations in this taxonomy.

Figure 3
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Autonomy as Choice

The domain of Awutonomy as Choice encompasses three studies (Kosko & Wilkins, 2015; Moyer
& Jones, 2004; Warfield et al., 2005). This domain represents authors whose studies conceptualized
autonomy as giving students choice in their pursuits to do mathematics. These studies approach
autonomy through the lens of freedom for the students in the classroom. For example, Kosko and
Wilkins (2015) defined autonomy through students’ individual “sense of control in the manner one
engages in doing mathematics, while maintaining a sense of freedom in their engagement with
mathematics” (p. 371). These studies focused on creating opportunities for students to freely engage
in mathematics content, specifically that of whole class discussions. Warfield et al. (2005) focused on
acts that were determined to be autonomons, or acts wherein a person senses that choices are free of
outside influences. Meanwhile, Moyer and Jones (2004) focused more on shifting control from
mathematics teachers to offer opportunities for students to self-select or choose preferred
mathematics manipulatives during learning activities. In essence, the studies in this domain maintained
that autonomy is creating opportunities for students or teachers through choices in their mathematical
learning endeavors.

Sociomathematical Autonomy Domain

The domain of sociomathematical autonomy encompasses four studies (McCain & Cobb,
2001; Wood, 2013; Wood, 2016; Yackel & Cobb, 1996). This domain represents and builds on studies
wherein authors conceptualize autonomy as being co-constructed through the practices of students
and their teacher through mathematical learning opportunities. Here, autonomy is conceptualized as
more than simply providing students choice in their use of manipulatives, representation procedures,
or even correct answers. Instead sociomathematical autonomy maintains that students must also
possess the freedom to decide and construct what counts as mathematics (Yackel & Cobb, 1996) and
what it means to do mathematics (Wood, 2013, 20106).

Beginning with Yackel and Cobb (1996), autonomy is characterized in two ways: socia/ and
intellectual. Yackel and Cobb (1996) do not fully define social autonomy; instead, social autonomy is
briefly mentioned as a benefit of inquiry-based approaches to teaching mathematics. By tracing cited
studies (i.e., Cobb et al, 1991), we depended on Cobb and colleagues’ chapter on radical
constructivism, where we were able to define social autonomy. Here, social autonomy is
conceptualized through Piaget’s (1948/1973) notions of autonomous actions of children, namely the
freedom to explore and experiment with the world around them. Thus, Yackel and Cobb (1996)
conceptualize social autonomy as the freedom to interact with mathematics, peers, and mathematical
tools.

Likewise, Yackel and Cobb’s (1996) study is devoted to the development of what they refer to
as intellectual autonomy. Yackel and Cobb (19906) cite Kamii (1985) to define and conceptualize
intellectual autonomy as:

The conception of autonomy as a context-free characteristic of the individual is rejected.
Instead, autonomy is defined with respect to students’ participation in the practices of the classroom
community. In particular, students who are intellectually autonomous in mathematics are aware of,
and draw on, their own intellectual capabilities when making mathematical decisions and judgements
as they participate in these practices (Kamii, p. 473).

Building on conception of intellectual autonomy from Yackel and Cobb (1996), Wood (2016)
asserts that the definition of autonomy “reemphasizes the need for autonomous activity to include a
decision about truth and untruth” (p. 331). They further ground the conceptualization of autonomy
in the work of Piaget (1948/1957), in asserting that “intellectual autonomy is more than having a
choice and more than having an answer. It is the student’s process of reasoning about mathematical
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ideas by herself” (Wood, 2016, p. 331). Wood (2016) also presents autonomy through a
communication lens as a students’ intellectual autonomy in how they “wrestle with truth and untruth”
(p- 332) of mathematical narratives in the classroom. Wood (2013) asserts that intellectual autonomy
is crucial in students being able to communicate is more than the simple revoicing of their peers’ or
classroom teachers’ thinking. Simply stated, intellectual autonomy is focused on students making
decisions and communicating about what it means to do mathematics and for what purposes.

Agency in Mathematics Education

Of the 36 studies included in this review, eight explicitly focus on agency as it relates to
mathematics education. Based upon our analysis, we made visible two kinds of autonomy: agency of
the self and agency and racial identity. Table 3 outlines the included studies within the two autonomy
domains. In the following sections, we outline the intertextual mapping, describe each domain, and
articulate the characteristics of the findings.

Table 3

Agency Studies Taxonomy
Taxonomy Domain Studies
Agency  Agency of the self Wagner (2007)

Brown (2009)

Morgan (2016)

Atabas et al. (2020)
Agency and racial identities  Martin (2000)

Berry et al. (2011)

McGee & Martin (2011)

Allen & Trinick (2021)

Intertextual Mapping Agency in Mathematics Education

The intertextual mapping of studies included in this agency taxonomy makes clear how
disconnected the field is in terms of citations and connecting to prior work that explicitly researches
agency in mathematics education. Figure 4 displays the studies included in this domain. Of the eight
included studies in this literature review, only three studies explicitly cite prior work in this domain,
furthering evidence of the isolated nature of studies that explicitly research agency. The domains of
agency of the self and agency and racial identities are discussed below.
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Figure 4
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The domain of Agency of the self encompasses four studies (Atabas et al., 2020; Brown, 2009;
Morgan, 2016; Wagner, 2007). Studies were included in this domain because they conceptualized
agency through philosophical investigations of the se/f within mathematics classrooms. These studies
view mathematics as a social institution that is made visible and constructed through discourse; thus,
constructing the se/fis as much an individual as it is a discursive process within the larger mathematical
culture for learning. Here, se/f refers to the individual within the larger space of the classroom.
However, the individual is not understood as a singular person, but instead as a person who interacts
and constantly develops through and with their peers.

Wagner (2007), Brown (2009) and Morgan (2016) view the se/fas individual awareness of how
a singular student begins to understand their role within larger classroom discourses. Wagner (2007)
and Morgan (20106) refer to this kind of agency as human agency. While both Wagner (2007) and Morgan
(20106) use the term human agency, they each build from different theoretical groundings. Wagner (2007)
uses the work of Pickering (1995). Wagner (2007) asserts the guiding question for conceptualizing
agency, “who is said to be making things happen?” (p. 37). Morgan (2016) instead focuses on the
“philosophical debates on the nature of mathematical discovery” (p. 123), and if mathematics is viewed
as a human act. Here, Morgan referred to the understanding of buman ageney as it relates to how
mathematical discoveries are conceptualized in school mathematics. Morgan (2016) questioned, where
the se/f is in discussions of the origins of mathematical discoveries in school mathematics. While,
Wagner (2007) and Morgan (2016) use the term human agency, Brown (2009) builds on a different
concept of the se/f. Brown (2009) draws on the work of Cobb and Hodge (2002) when discussing
agency. Brown (2009) focuses on how students begin to understand their abilities to be aware of the
“social positions” (p. 182) students navigate while doing mathematics. Brown (2009) directly builds
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from Wagner (2007) when describing the importance of pronouns (i.e., I, me, you, her, we) to identify
shifts in students’ views of themselves in relation to the classroom community. Brown (2009) denoted
how students view themselves as both mathematicians and as individuals who contribute and use a
community of learners to know and do mathematics.

Similarly, Atabas et al.’s (2020) article is included in this domain, because the research focuses
on the seff through middle school students in classroom-based mathematics and the ways they
understand their role within larger mathematical discourses. While still included in this domain, Atabas
et al.’s (2020) study remains separate from the other three studies, because it approaches agency
differently from the other studies. Atabas et al. (2020) researched agency through the concept of
authority and autonomy, which is particularly troublesome due to a lack of clear theoretical grounding
of either. Below, we include Atabas and colleagues’ (2020) definitions of agency to illuminate their
conceptualization as defined through other researchers.

Disciplinary ageney (in the context of mathematics), involves the use of established procedural
skills for computing the solution to a problem (Cobb et al., 2009; Grootenboer & Zevenbergen, 2007;
Hull & Greeno, 2006). When the teacher is the authority, students may be provided few opportunities
to reason mathematically to make sense of problems. Students instead must rely on the methodologies.
Provided by the teacher—they are engaging only in disciplinary agency. (Atabas et al., 2020, p. 3)
Note that Atabas and colleagues (2020) use all three terms, authority, agency, and autonomy, when
defining conceptual or disciplinary types of agency, which will be discussed in more detail in the
Discussions and Implications section. In intertextually tracing their definition, we note that Cobb et
al. (2009) categorize agency as conceptual ot disciplinary in nature. Conceptual agency involves student
autonomy in which students are responsible for developing their own understanding of relationships
between concepts (Cobb et al., 2009; Grootenboer & Zevenbergen, 2007). When authority is shared
with students, students are positioned to understand when and for what purposes to use disciplinary
tools to solve problems (Boaler & Greeno, 2000). In the following section, the second domain findings
from the agency domain are described.

Agency and Racial Identity Domain

This second domain of agency encompasses four studies (Allen & Trinick, 2021; Berry et al.,
2011; Martin, 2006; McGee & Martin, 2011). Studies were included in this domain because they have
conceptualized agency through the lens of racial identities in mathematics education. In this domain
of agency and racial identity, three of the studies explicitly focus on African American (Martin, 2000)
and/or Black students (Berry et al., 2011; McGee & Martin, 2011). The fourth study focuses on the
Indigenous Maori people of Aotearoa, New Zealand (Allen & Trinick, 2021). Except for Allen and
Trinick (2021), the authors included in this domain did not formally define or conceptualize agency;
instead, they used the term “agency” to describe specific actions of African American parents (Martin,
20006) and Black students (Berry et al., 2011; McGee & Martin, 2011). Beginning with Martin (2006),
from which Berry et al. (2011) and McGee and Martin (2011) directly build, agency is used as way to
articulate behaviors associated with individual actions to promote positive African American/ Black
identities in mathematics education. To better understand this kind of agency, we traced the
intertextual references to Martin (2000). All studies referenced Martin’s (2000) book when describing
agency in their studies (Berry et al., 2011; Martin, 2006; McGee & Martin, 2011). Martin’s (2000) book,
Mathematics success and fatlure among African-American youth, was not included in our review based on our
inclusion criteria of only scholarly articles.

In Martin’s (2000) book, agency is referenced in relation to the work of Bandura’s (1986) Social
Cognitive Theory. According to Bandura (1986), agency is the ability to influence the course of events
of which one is a part. In this domain, agency is used to document those times that individuals
influenced the course of events as they relate to their learning of mathematics. In conceptualizing
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agency through racial identities, agency is presented through the larger social, cultural, and racial
contexts that affect historically excluded populations under investigation. For example, Martin (2000)
researched African American parents’ ability to demonstrate agency and the ways they negated
particular racial influences (e.g., dominant white narratives in mathematics education) to maintain
positive identity development for their African American children and community.

After tracing the intertextual references of agency cited in the studies within the domain, we
noted that Allen and Trinick draw on Barker (2005) to state “concepts of agency involve an individual’s
capacity to act of their own free will to make autonomous choices” (p. 334). Barker’s (2005) book
Cultural Studies: Theory and Practice outlines several conceptions of agency from multiple sources (e.g.,
Bandura, Bourdieu, Foucault, Marx), making it difficult to determine which view of agency Allen and
Trinick (2021) most rely upon in their study. They, Allen and Trinick (2021), explicitly build on the
work of Bourdieu (1986) and the view of structure-agency, or the way groups of people take on and
construct specific ways of interacting and being as part of belonging to a specific group. Thus, Allen
and Trinick (2021) define agency through the lens of the entire Maori population and the ways the
group develops their own free will and autonomous choices in opposition to largely white and western
views of mathematics education.

Discussion and Implications

In this systematic review of literature, we used ethnographic perspectives to explore how
authors have conceptualized and studied authority, autonomy, and agency in the published literature
in the field of mathematics education. In the following section, we outline several points for the field
to consider in reflecting upon existing mathematics education research and in moving forward with
future studies.

Kinds of Authority, Autonomy, and Agency

One of the major contributions of this study is the illumination of the different domains of
authority, autonomy, and agency concepts used within the field of mathematics education. Most
studies reviewed for the current study did not clearly articulate their conceptualization of authority,
agency, or autonomy, which contributes to a lack of understanding and clarity surrounding these terms
and sometimes misuse amongst studies. Through our review of literature, we categorized a multitude
of ways or domains that authority, autonomy, and agency have been used and could be used for future
studies. Overall, theses thin conceptualization have led to multiple, differing definitions of the same
term or even interchangeable, but fuzzy synonyms, without full understanding of the term used or its
historical foundations. The current study demonstrates how each term has a rich history with
particular denotations from prior work and connotations within the sociocultural contexts the studies
take place. Because the field of mathematics education holds so many varying conceptualizations, a
single definition for authority, for autonomy, or for agency cannot capture the essence of what each
of these terms has come to mean in mathematics education. Therefore, Tables 4a and 4b are presented
to capture the various conceptualizations of Authority, Autonomy, and Agency in mathematics
education research gleaned from the current study.
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Table 4a

Conceptualizations of Authority

Term Domain

Definition

Attributes

Authority
authority

Authority
structures

Authority

relationships

Mathematical

Authority as a constant in
mathematics  education
and viewed as something
that is delegated, shared,
granted or  devolved
between the teacher and
students, as a collective.

Authority as structures
present in the
mathematics  classroom
with established rules and
norms for determining
authority between
teachers and students.

Authority as a socially
constructed relationship
between  people in
mathematics classrooms.

Findings focus solely on the ways
authority flows from the teacher to the
students.

Findings point to the importance of
including students in the process of
learning mathematics.

Teachers employ  strategies to
distribute authority to students within
every day mathematical learning.

These studies use positioning theory
(Davies & Harré, 1990) to determine
how people in mathematics classes are
positioned as zu authority or as an
anthority.

Characterized by the use of Herbel-
Eisenmann and Wagner’s (2010)
authority structures.

Studies focus on linguistic cues found
within mathematics classrooms and
the implications of authority structures
between teachers and students.
Authority is viewed less as a constant
but is examined through the different
relations that develop among teachers
and students as well as among students
during collaborative learning
endeavors.

Findings are focused on how specific
classrooms come to share authority, or
the ways legitimacy is gained in
different constructions of authority.




Table 4b

Conceptualizations of Autonomry, and Agency

AGENCY IN MATHEMATICS EDUCATION 19

Term Domain Definition Attributes
Autonomy Autonomy Autonomy as Autonomy through the lens of freedom for
as choice giving the students in the classroom.
students These studies focused on creating
choice in their opportunities for students to freely engage
pursuits to do  in mathematics content, specifically that of
mathematics.  whole class discussions.
Findings point to a constant thread of
teachers giving choice for students to make
decisions during mathematical learning
opportunities is present.
Sociomathematical Autonomy as Autonomy is more than choice but
autonomy being co- maintains that students must also have
constructed freedom to decide and construct what
through the counts as mathematics.
practices of Autonomy 1is co-constructed between
students and students and teachers in classrooms. It is
their teacher focused on ways students develop
through autonomous actions and ways teachers can
mathematical  hinder autonomous actions.
learning Yackel and Cobb (1996) can be credited as
opportunities  the first study in this domain.

Agency Agency of the self Agency Mathematics as a social institution that is
through constructed through discourse; thus,
philosophical  constructing the se/fis as much an individual
investigations as a discursive process within the larger
of the se/f mathematical culture for learning.
within the Findings show ways students view
mathematics  themselves in mathematics or ways teachers
classrooms. can support agency in their classrooms.

Agency and racial Agency Findings show agency as both an individual
identities through the endeavor and a collective stance in the face

lens of racial
identities in
mathematics
education.

of oppressive mathematics education
practices.
Findings focus on the ways individuals and
groups navigate oppressive educational
systems.
Studies offer supports to radically

reconceptualize mathematics education.
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Attending to Groundings of Authority, Autonomy, and Agency

This systematic review has illuminated the complexities inherent in conceptualizing authority,
autonomy, and agency in mathematics education. Our findings reveal that while these constructs are
widely discussed, their historical, epistemological, and ontological groundings are often insufficiently
examined. This lack of sustained engagement with their theoretical roots has resulted in fragmented
and occasionally ambiguous conceptualizations. For instance, while Webet’s (1947) framework of
authority, Piaget’s (1948/1973) developmental theories on autonomy, and Bandura’s (1986) work on
agency are frequently cited, these foundational contributions are often engaged with only at a surface
level, without deeper interrogation of their implications for contemporary educational contexts.
Furthermore, understanding how the constructs of authority, autonomy, and agency have been
conceptualized in mathematics education research requires attention to the intellectual histories that
have shaped the field. Foundational theories such as Weber’s (1947) typology of authority, Piaget’s
(1948) developmental framing of autonomy, and Bandura’s (19806) social cognitive theory of agency
have provided essential starting points for examining classroom dynamics, learner identity, and
participation. These frameworks have long guided efforts to make sense of students’ roles and
relationships in mathematics learning, offering conceptual language for describing influence,
independence, and action within educational settings.

For instance, Weber’s (1947) account of traditional authority has framed analyses of
hierarchical structures in classrooms, while Piaget’s (1948) focus on autonomy as a developmental
milestone has supported understandings of individual mathematical reasoning and independence.
Bandura’s (1986) emphasis on agency as the capacity to act with intentionality has served as a
foundation for identifying agentic moments within instruction.

While these frameworks remain influential, as our findings demonstrate, it is equally as
important to note, they emerged from specific sociopolitical and historical contexts that differ from
contemporary, dialogic, and culturally diverse views of classrooms. As we, as researchers, increasingly
attend to the complex, situated, and relational nature of learning, it becomes necessary to explore
theoretical perspectives that build upon, and also critically expand upon these early foundations. For
example, Weberian accounts of authority may not fully capture the distributed or negotiated power
structures that characterize many student-centered or collaborative learning environments (see Edelen
etal., 2023; Edelen et al., 2024; Edelen et al., 2025). Similarly, Piagetian (1948) views of autonomy may
overlook the ways that students co-construct classroom norms or collectively define what counts as
legitimate mathematical reasoning. And individualist framings of agency may obscure how structural,
cultural, and institutional constraints shape students’ opportunities to act with power, particularly for
those from historically marginalized communities.

Other frameworks offer complementary tools for reimagining these constructs. Foucault’s
(1977) theorization of power as relational and enacted through discourse enables researchers to trace
how authority is constantly negotiated through language and interaction. Fairclough (2001) similarly
shows how discourse both reflects and reproduces social power, making visible how language might
legitimize or constrain different forms of mathematical reasoning. We also note that Bourdieu’s (19806)
concept of habitus and social fields directs attention to how authority, autonomy, and agency are
structured by social positioning and access to cultural capital. These additional perspectives invite us,
as mathematics education researchers to foreground the institutional, cultural, and discursive
dimensions of classroom life.

In particular, we find distinctive value in ethnographic epistemological approaches to
understanding authority, autonomy, and agency. Ethnographic approaches prioritize emic, insider
perspectives and illuminate how learners themselves make sense of their roles, relationships, and
learning experiences (Skukauskaite, 2023). Ethnographic orientations offer a generative stance for
tracing how children enact and contest power within everyday activity systems, allowing for a layered
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analysis of how constructs like authority, autonomy, or agency unfold over time, across settings, and
within communities (Edelen & Skukauskaité, 2025; Skukauskait¢ & Green, 2023). By placing
foundational and contemporary theories in dialogue mathematics education research can better
account for the sociocultural, historical, and interactional complexities of classroom life. This kind of
theoretical layering supports conceptual clarity and moves to advancing equity by attuning research to
the diverse ways students come to exist, participate, and learn in mathematics classrooms for whom
and for what purposes.

When theoretical roots are insufficiently explored, it constrains the development of new
insights, limiting how these constructs can be operationalized and studied. For example, autonomy
and agency have traditionally been framed as individual endeavors, reflecting the developmentalist
focus of their origins. Such framings often fail to capture collective dimensions of these constructs,
where groups or communities might act autonomously or agentically within mathematics classrooms.
Although emerging work, such as Allen and Trinick’s (2021) study of collective agency, begins to
challenge this individualist paradigm, much remains unexplored about how shared agency and
autonomy function in mathematics education.

Engaging deeply with the histories of these constructs is a necessary step in advancing their
utility. By revisiting the foundational definitions and examining their evolution, researchers can better
understand the assumptions that underlie current studies. For example, authority is frequently
conceptualized as a unidirectional flow from teacher to student. This perspective often neglects how
authority can be co-constructed or contested within classroom interactions. Similarly, the emphasis
on autonomy as choice overlooks the sociomathematical dimensions of autonomy, where students
make choices as well as negotiate the very definitions of what counts as mathematics.

The field must also critically evaluate how these constructs intersect. Authority, autonomy,
and agency are not isolated phenomena as they are interrelated dimensions of classroom life. For
instance, shifts in authority structures, such as when teachers share authority with children, may
simultaneously impact how autonomy and agency are experienced and enacted. Understanding these
intersections requires researchers to articulate the specific kinds of authority, autonomy, or agency
they are studying and to consider how these constructs influence and shape one another.

Future Directions

To advance the study of authority, autonomy, and agency, we propose several critical
directions for future research. First, researchers must engage more explicitly with the histories of these
constructs, building on or contesting their foundational theories to generate new insights. This
includes exploring underexamined dimensions such as collective agency and sociomathematical
autonomy, as well as questioning how these constructs operate within evolving pedagogical and
sociopolitical contexts. Deepening theoretical engagement across time and traditions will support
more nuanced understandings of how power, participation, and identity are structured in mathematics
education.

Second, the field must strive for greater conceptual clarity. Our review demonstrates that
ambiguous or interchangeable uses of these terms have led to a lack of coherence across studies.
Researchers must define these constructs with precision, specifying their attributes, boundaries, and
implications for classroom practice. Such clarity strengthens individual studies, which in turn fosters
cumulative knowledge-building that can guide both research and reflective practice. While the goal of
this review was to clarify the conceptual terrain, the implications of this work extend beyond
definitional precision. The three taxonomies developed here offer researchers a foundation for future
empirical studies to investigate how these constructs are enacted in classroom teaching, teacher
professional learning, and educational leadership. For example, researchers might examine how
teachers navigate tensions between authority structures and student autonomy, or how
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sociomathematical autonomy is fostered through particular instructional practices. Similarly, teacher
educators could use these conceptualizations to support preservice and in-service teachers in reflecting
on their roles in constructing equitable mathematics learning environments. At the policy level, future
research might explore how institutionalized definitions of authority and agency influence curriculum
design, teacher evaluation, and broader accountability structures.

Finally, we urge researchers to continue investigating how authority, autonomy, and agency
contribute to more equitable learning environments. Future research should include examining how
these constructs operate within diverse cultural and social contexts, particularly for historically
marginalized groups. By attending to the ways that authority, autonomy, and agency intersect with
issues of identity, power, and access, the field can better address the complexities of teaching and
learning mathematics.

Limitations

Our study is limited by its focus on mathematics education, a deliberate choice to allow for
depth of analysis within a specific field. While this narrow focus provided rich insights into the
conceptualizations of authority, autonomy, and agency, it also limits the generalizability of our findings
to other disciplines. Future research could extend this work by examining these constructs in broader
educational contexts, such as science education or interdisciplinary studies.

Additionally, we note the concentrated influence of a small group of scholars in shaping these
constructs within mathematics education. While their work provides a strong foundation, it may also
narrow the diversity of perspectives represented in the literature. Additionally, this review was limited
to studies published in English, which constrains the cultural and linguistic diversity of perspectives
represented in our analysis. Future research should also attend to how authority, autonomy, and
agency are conceptualized across global and multilingual educational contexts, where cultural norms,
policy, and institutional logistics may shape these constructs in distinct ways. Expanding the field to
include voices from global contexts, interdisciplinary approaches, and underrepresented groups,
especially childrens’ voices, is essential for fostering a more inclusive and comprehensive
understanding of these constructs.

Conclusions and Call to Action

As mathematics education continues to grapple with calls for more equitable and inclusive
pedagogical practices, the field must respond with precision and intentionality. Authority, autonomy,
and agency are powerful constructs with the potential to transform teaching and learning, but their
utility depends on how cleatly these constructs are defined and operationalized. This review offers a
starting point for this critical work, providing taxonomies that map existing knowledge and highlight
gaps for future exploration.

Moving forward, researchers must critically engage with the histories, theoretical
underpinnings, and intersections of these constructs. By doing so, the field can move beyond surface-
level engagement to generate deeper, more meaningful insights. This work advances scholarship by
equipping educators with the tools they need to navigate and transform the power dynamics of
mathematics classrooms.

Ultimately, the goal is to foster learning environments that equitable and empowering, where
children and teachers alike can exercise authority, autonomy, and agency in ways that enrich their
mathematical experiences. With greater transparency, clarity, and intentionality, the field of
mathematics education can rise to meet this challenge, ensuring that these constructs move beyond
theoretical ideals to practical realities in classrooms around the world.
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ABSTRACT

Creating written records while working on mathematics tasks may help students make
sense of tasks and free cognitive resources for reasoning as they offload elements of the problem-
solving process to paper. We investigated the extent of cognitive processes of multilingual learner
(ML) and first-language English speaking (non-ML) students’ record keeping (RK) on tasks
designed with and without supports for RK and the association between evidence of students’
cognitive process in RK (EC-RK) and the correctness of their solutions. Grades 7-9 (aged 12 to
16) students worked on RK-Supported or RK-Unsupported versions of three tasks, and we
rubric-scored their solutions for both EC-RK and correctness. Overall, higher EC-RK scores were
associated with greater correctness, confirming the utility of EC-RK for solving mathematics
tasks. The presence of supports, though, did not increase the extent to which students’ RK
reflects their cognitive processes, yet correctness of ML students’ solutions was associated with
solving the RK-Supported versions of the tasks. This result suggests benefits of these supports for
ML students apart from encouraging EC-RK.

Keywords: student record keeping, geometry and measurement; problem solving; multilingual
students; task design; cognitive load

Introduction
Motivation and Research Questions
Engaging in problem solving is an essential part of mathematical learning (Lindquist et al.,

2017; National Council of Teachers of Mathematics [NCTM], 2000, 2014). Understanding what
fosters successful engagement in problem solving is vital for supporting students. Previous studies
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provide evidence that keeping records in various forms supports successful engagement in
mathematical problem solving (Murata, 2008; Stylianou & Silver, 2004). Accordingly, the Mathematical
Record Keeping Supports Cognition and Communication study investigated the role that Grades 7 to
9 (aged 12 to 16) students’ record keeping (RK) plays during their mathematical problem solving. We
sought to understand how task design can support successful record keeping, guided by foundational
ideas about problem solving (Polya, 1957; Schoenfeld, 1980, 1992) and Cognitive Load Theory
(Sweller, 1988, 1994, 2003). Students who are multilingual learners (MLs) are of special interest in the
study because the increased cognitive load they face with language demands (Barbu & Beal, 2010;
Campbell et al., 2007) suggests that they may be particularly poised to benefit from RK.

Supporting Students’ Problem Solving

The importance of problem solving is emphasized in standards that guide mathematics
teaching, learning, and assessment in the United States and internationally. Examples include the
National Council of Teachers of Mathematics’ (NCTM) problem-solving process standards and
effective teaching practices (NCTM, 2000, 2014), the applying and reasoning domains of the TIMSS
2019 Assessment Frameworks (Lindquist et al., 2017), and the Standards for Mathematical Practice (SMP)—
including SMP1: “Make sense of problems and persevere in solving them”—articulated in the Common
Core State Standards for Mathematics (National Governors Association Center for Best Practices &
Council of Chief State School Officers, 2010). These policies stem from decades of research on the
centrality of problem solving in mathematics teaching and learning (e.g., Liljedahl et al. 2016,
Nunokawa, 2005; Schoenfeld, 1980, 2014). Both policy and research support an emphasis on learning
and using strategies for solving mathematical problems as essential elements of a strong and successful
mathematics education for all students.

Record Keeping

Previous research points to numerous cognitive processes that affect students’ problem-
solving performance, including executive function (Swanson, 2011) and working memory (e.g.,
LeBlanc & Weber-Russell, 1996; Ng & Lee, 2009; Paas & van Merriénboer, 2020). Other research
(e.g., Cellucci, 2019; De Toffoli, 2018; Murata, 2008; Stylianou & Silver, 2004; Sunzuma et al., 2020)
suggests that RK can support students’ effective management of these processes and use of cognitive
resources by allowing them to offload some demands of problem solving into external records.

For this study, RK refers to the act of capturing pieces of information on paper (or
electronically) during work on a mathematical problem. Records may include words, quantities,
symbols, and equations (e.g., Rexigel et al., 2024), as well as drawings and diagrams (e.g., Stylianou &
Silver, 2004). Problem solvers’ records may serve a range of purposes: highlighting information that
is provided in the problem or ideas and predictions related to solving the problem, creating various
representations, and documenting problem-solving steps or partial solutions (Gordon et al., 2015).
Problem solvers can act on the information captured in records or retrieve it later, as needed, without
having to rely on memory (Paas & van Merriénboer, 2020). The act of creating records can therefore
support mental focus on other aspects of problem solving (Gordon et al.,, 2015).

Consider, for example, the work shown in Figure 1 that a student produced to determine the
perimeter of the large rectangle, given that its total area is 84 square units and it is composed of seven
congruent smaller rectangles arranged as shown. The records that this Grade 8 student (a ML) wrote
and drew on two different copies of the given picture while working on the task eventually led them
to correctly find the perimeter of the large rectangle and the side lengths of the small rectangles.
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Figure 1

Student Work on the Seven Rectangles Task

Using two copies of the diagram allowed the student to offload calculations and information
about relationships between side lengths, and this in turn afforded them the opportunity to attend
more fully to the problem-solving process and to note the needed connections to correctly solve the
problem. The student labeled some of the side lengths with numerals, tracking the relationship
between the parts of the geometric figure. The arrows accounted for side lengths of the smaller
rectangles constituting the sides lengths of the larger rectangle.

Mathematics education literature offers diverse terminology which intersects with parts of our
definition of RK, including literature examining problem solvers’ creation of diagrams (e.g., Cellucci,
2019; Diezmann & English, 2001; Murata, 2008; Nunokawa, 1994; Purchase, 2014; Sunzuma et al,,
2020; Willis & Fuson, 1988), external representations (Zhang, 1997), and inscriptions (Moschkovich,
2008). Some of these terms are laden with meanings that we do not intend. For example, diagrams
and representations normally refer to records with some mathematical meaning that is relevant to
students’ conceptual development of ideas. The scope of records in which we are interested includes
conceptually meaningful records, although we argue that less mathematically substantial records can
also further students’ problem solving and are, therefore, worthy of study (Fernandes, et al., 2015;
Neumayer-DePiper, et al., 2015). For example, simply placing dots or hash marks on a diagram to
keep track of parts that have already been counted or managed can allow a student to focus on other
information needed to solve a problem. In addition, such RK can be a precursor to more meaningful
RK. We have observed students returning to and changing records after thinking about another aspect
of a task. For example, students have replaced dots that initially signaled that they had accounted for
parts with numbers that supported them in enumerating or totaling measures of those parts.

Investigating Supports for Record Keeping

Prior to the study reported here, we had investigated features of mathematics task presentation
intended to promote RK due to the evidence that RK plays a role in problem solving. For the current
study, we used these features to design and modify mathematics tasks to create two parallel versions,
one that incorporated features intended to support RK and one that did not include these features.
The aim of the current study was to better understand students’ success in problem solving when
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working with tasks specifically designed to support RK. The study’s overarching research questions
were: (1) What is the relationship between students’ use of record keeping and performance on tasks?
(2) How does student performance differ on tasks designed with supportts for record keeping versus
tasks without these supports? Given the role that visual representations and other records may play in
the mathematics classroom in supporting multilingual learners, the third research question was: (3)
What differences are evident in the impacts of students’ record keeping, and task-embedded record-
keeping supportts, for multilingual learners compared to first-language English speaking learners?

Theoretical Framework
Record Keeping and Cognition

Our theoretical framework is guided by Cognitive Load Theory (CLT), a learning and
instructional theory based on the temporary and limited nature of working memory and the
comparative permanence and unlimited capacity of long-term memory (Sweller, 1988, 1994, 2003).
Working memory draws on long-term memory but can only store about seven chunks of information
and process only two or three chunks of information at a time. If these limits are exceeded, working
memory becomes overloaded. CLT considers three types of cognitive load a learner needs to manage
for successful learning and performance: intrinsic load, extraneous load, and germane load (Paas & van
Merriénboer, 2020; Renkl & Atkinson, 2003; Sweller et al., 1998). Intrinsic load is the cognitive load
generated by the nature of the problem and the elements that need to be considered in working
memory simultaneously to understand the problem. A problem solver who has already learned what
is needed to solve a problem deals mainly with intrinsic load. Extraneous load is generated by processes
that are not necessary for performance, which may include distractions, anxiety, or expectations for
organization or presentation that do not aid learning. Finally, germane load is the cognitive load
generated in the process of learning. Germane load is particularly relevant for problem solvers who
are developing their understanding of the ideas needed to solve the problem. During problem solving,
students need to effectively manage the intrinsic and extraneous load within a problem to progress
towards a solution. RK may help students focus on intrinsic load and ignore extraneous load, in part
by offloading their thinking (i.e., onto paper) to free up working memory to manage germane load.

Researchers working with students from early elementary school through college have found
that successful problem solvers are able to develop representations of problems rather than working
directly with the text as given (De Corte et al., 1985; Diezmann & English, 2001; Fischbein, 1977,
Larkin et al., 1980; Nunokawa 1994; Rexigel et al., 2024) and that experts construct many more visual
representations than novices do during problem solving (Bodner & Domin, 2000; Stylianou & Silver,
2004). Developing a representation not only records information about a problem for storage and
retrieval but also shapes the problem-solver’s thinking (Chu et al., 2017; Meira, 1995). An effective
representation makes evident important relationships and constraints in a problem, allowing the solver
to determine actions that will lead to a solution to the problem (De Toffoli, 2018). Therefore,
appropriately capturing the structure of the problem can be a key step in determining a solution
(Bodner & Domin, 2000; Diezmann & English, 2001; Sunzuma et al., 2020), and doing so may involve
multiple steps of RK (Nunokawa, 1994). The first diagram that a student draws may not capture the
inherent structure of the problem; instead, it represents the elements that the student immediately
notices in the situation and the relationships among those elements. Such a step manages some of the
intrinsic and extraneous load. As the student continues interacting with the problem, they may modify
initial records to capture the inherent structure of the problem, enabling their working memory to
focus on the germane load.

RK’s Potential as Support for Multilingual Learners
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Current research on students who are multilingual learners (MLs) emphasizes the importance
of translanguaging, meaning students’ use of their full linguistic repertoire to engage in communication
and meaning-making (Garza & Arreguin-Anderson, 2018; Grapin et al., 2025). Translanguaging
acknowledges that students do not compartmentalize their languages in rigid ways; instead, they fluidly
navigate between them to communicate and construct meaning (Elshafie & Zhang, 2024; Garcfa,
2023; Garcia & Solorza, 2021). An expansive view of translanguaging highlights that students’
repertoire can also encompass non-verbal modes, such as gestures, drawings, or manipulating concrete
materials (Gonzalez-Howard et al, 2023). MLs, who are learning both content and language
simultaneously, often face challenges with the language of a problem (Abedi & Lord, 2001; Martiniello,
2008). The simultaneous demands of both challenging content and complex language can lead to
cognitive overload (Campbell et al., 2007). In terms of mathematical learning, this overload is largely
driven by the extraneous cognitive load imposed by language. For MLs, expansive translanguaging,
which includes resources like RK, is a critical asset for addressing language challenges and more fully
engaging with mathematical problem solving.

Any student can reduce extraneous load generated in a problem statement by using RK to
isolate the mathematical characteristics of the problem, for example by marking up the problem
statement, making notes, or creating a diagram. For MLs, these tools are particulatly effective when
paired with translanguaging strategies, allowing students to describe, question, and analyze
mathematical concepts using all of their linguistic resources. By using diagrams, for instance, students
can bolster the capacity of working memory by offloading part of their thinking onto the environment
(Paas & van Merriénboer, 2020; Tabachneck-Schijf et al., 1997) in order to access tasks in ways that
emphasize patterns, relationships, and spatial reasoning, fostering a deeper understanding of
mathematical structures (Echevarria et al., 2017). When these external records are created, the student
can focus working memory on a few key quantities and relationships at a time as they progress in
solving the problem (Paas & van Merriénboer, 2020; Zhang, 1997). Prior research into the use of
nonverbal resources, such as drawings, gestures, and manipulation of concrete objects, along with
writing or speech, suggests that such resources provide further opportunities for MLs (and others) to
develop proficiency with mathematics and mathematical language (Driscoll et al., 2012; Fernandes et
al., 2017; Fernandes & MclLeman, 2012; Moschkovich, 1999, 2002, 2010; Paas & van Merriénboer,
2020).

Methods
Participants

Fifty-six students participated in this study. Students were identified as MLs (n=20) or non-
MLs (n=306) based on their teachers’ reports of current receipt of their school’s ESL services. Each
student self-reported their gender, age, grade, and current mathematics class. (Students also responded
to survey questions about their current and previous participation in English as a Second Language
instruction, but anomalies in the data suggested that a number of students misinterpreted our intent
in these questions.)
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Table 1

Participant Information

Grade 7 (16) Grade 8 (27) Grade 9 (13) All Students (50)
Math Class ML Non-MLL ML Non-MLL ML Non-MLL. ML Non-ML

Accelerated 1 1 0 3 0 0 1 4
Regular 7 7 6 12 0 0 13 19
Remedial 0 0 1 0 0 0 1 0
Algebra 1 0 0 0 1 3 2 3 3
Algebra II 0 0 0 0 0 5 0 5
Other 0 0 2 2 0 3 2 5
Gender
Female 6 3 2 9 2 5 10 17
Male 2 5 7 9 1 5 10 19
Total 8 8 9 18 3 10 20 36

Table 1 displays information about the sample of students. The distribution of females and
males was about the same for the participating ML and non-ML students, except that the participating
MLs in Grade 7 were disproportionately female while the participating MLs in Grade 8 were
disproportionately male. The sample included 27 females and 29 males aged 12 to 16, of whom 16
were in Grade 7, 27 in Grade 8, and 13 in Grade 9. Twenty students (36%) were identified by their
teachers as current ML students, while the remaining 36 students (64%) were not designated as MLs
at the time of participation.

Data Collection Instruments

The instruments used in this study were developed and refined in earlier phases of work. We
first selected 11 geometry and measurement tasks that could be completed in 10 to 15 minutes, had
multiple entry points or solution strategies, were of high cognitive demand, and offered opportunities
to use RK for conceptualizing and solving the task. We revised the tasks to make them clearer,
removed unnecessary language that might be difficult for MLs, and provided space and/or prompts
for student RK. During cycles of administering, analyzing, and revising we had students solve tasks
and interviewed them about their work, reviewed the written work and video-recordings of the
sessions, and revised the tasks for subsequent rounds of administration and interviews. Thirty-six pilot
students participated during this phase (10 MLs, 26 non-MLs). Most completed 3 tasks, resulting in
96 task interviews. We analyzed the dataset of written work and interviews to identify task features
that supported students” RK (Heck et al., 2015).

We then developed RK-Supported (RK-S) and RK-Unsupported (RK-U) versions for five of
these eleven tasks that elicited a variety of RK used in solutions and for two additional tasks similar
to those five. The RK-S versions included several features we had identified as supporting students’
RK, such as including an early prompt to write or draw something, having extra copies of diagrams,
formatting the task to include space for making records, designating specific answer spaces, and
providing an active audience or “real world” context for the solution. The RK-U versions were
designed to present the same task with the same cognitive load, but without the features to support
RK. These tasks were again refined through an iterative process of interviewing students (21 students,
8 MLs, 13 non-MLs for 74 total task interviews) about their work on the tasks, making modifications
to the tasks, and testing the modifications in further interviews. We also solicited feedback from three
mathematics educators who reviewed the RK-S and RK-U versions of these seven tasks, specifically
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to judge the comparability of cognitive demands of the mathematics and the language in the two
versions, and recommended ways to improve comparability.

This process led to selection of three tasks for the current study: Floor Plan, Painted Shapes,
and Seven Rectangles (see Appendix A). We selected these tasks because they had RK-S and RK-U
versions that appeared to provide differing levels of support for RK without altering the cognitive
demands of the task. The tasks were accessible to many students, meaning that most of the students
interviewed were able to make some progress even if they were not able to complete the task. At the
same time, the tasks were complex enough that students were not able to complete them mentally.
Multiple strategies could be used to successfully solve each task, and for one task (the Floor Plan task)
there are many different correct solutions. In addition, we selected tasks that address different
geometry and measurement standards and use different skills and knowledge.

Along with the three tasks, task booklets included a background survey for students to self-
report age, gender, and mathematics class' (see Appendix A). We varied the order of the three tasks
and the task versions (RK-S versus RK-U) across 12 forms of the booklet (Forms A-H) to ensure an
even distribution of data among the RK-S and RK-U versions of the three tasks. The order of RK-S
and RK-U tasks within each booklet was chosen to accommodate two goals. First, we wanted to delay
students’ exposure to the RK supports because we believed students’ RK for a subsequent task could
be affected by exposure to RK supports in a first task. Therefore, every task booklet started with a
RK-U version of one task followed by a RK-S version of a second task. We also varied whether the
third task was RK-S or RK-U. The 12 forms of the task booklet were randomly assigned to students,
blocking by grade level and by ML status to ensure comparable distribution on these factors.

Data Collection and Preparation Process

From February 2016 through June 2016, three researchers, including authors 2 and 3, collected
data from 56 students in two school districts in Massachusetts and one in North Carolina. Data
collection took place in students’ schools via one-on-one sessions between a researcher and a student.

At the beginning of the one-hour session with each student, we gave the student a task booklet
and followed a script to instruct students about how to work in the booklet. Students could clarify any
word’s meaning at this time. They were instructed to work in order and let us know before they moved
to the next task. Students could use colored pencils/pens and were asked not to erase any work (they
could cross out work). The students were moved to the next task after 15 minutes to ensure that they
worked on all three tasks. When students started the second task, which was designed to support RK,
we made additional scrap paper available and pointed out extra copies of figures provided with the
task. When students started the third task, if it was an RK-U task version we collected the extra paper
and set it aside. If the third task was an RK-S task, we again pointed out the additional supplies,
including any extra copies of figures that were associated with that task.

During data collection, we used two video cameras to capture each student’s working process.
One camera was focused on the task booklet to capture the student’s RK, and the other camera was
positioned to record the student as they worked on the task. In addition to collecting this video
footage, we documented the student’s work using a researcher note-taking version of the task booklet.
Our intention was to document as thoroughly as possible the student’s use of RK on each task so that
the note-taking booklets, when combined with the student’s actual work booklet, could serve as the
primary artifacts for analysis. The video recording of the session served as additional evidence for any
instances in which it was unclear when or how a student made and used particular records.

! Students were also asked to self-report race/ethnicity and present or past engagement with English as a Second
Language services at school. Numerous anomalies in these data suggested that students’ responses were likely not
valid for reporting.



36 HECK ET AL.

Scoring Rubrics and Scoring Process

We analyzed each task that students completed using two different rubrics — one focused on
the extent to which student’s RK on the task provided evidence of the student’s cognitive processes
for solving the task, regardless of whether they ultimately achieved a correct response. Scores on this
rubric indicated the extent to which students” RK as a whole provided evidence of their cognitive
processes while solving the task; such evidence might be found in individual records (e.g., the
placement of an auxiliary line) or the evidence might appear in connections among records (e.g.,
counting dots connected to quantities they measure). The second rubric focused on the correctness
of the student response to that task (see Appendix A). These rubrics went through several rounds of
revision, each informed by members of the research team applying the rubrics to student work
products and discussing the scoring. The Evidence of Cognitive Processes in Record Keeping rubric
was the same for all tasks, although specific anchoring examples were provided in relation to the three
different tasks. The Correctness rubric was specific to each of the three tasks. Possible scores on each
rubric were 0, 1, 2, 3, or 4, with a higher score indicating greater evidence of cognitive processes in
RK (EC-RK) or a more complete and correct response (Correctness).

For example, the work shown in Figure 2 on the Painted Shapes task by a Grade 9 student (a
non-ML) received a rating of 4 for EC-RK and 3 for Correctness. The rating of 4 for EC-RK indicates
that:

e the RK provided evidence for how the student conceptualized and worked through the
task, because it shows the decomposition of the figures and means of counting square
units;

e the RKappeared to have a problem-solving purpose, because it documents how total areas
were determined; and

e connections could be identified among individual instances of RK, because the
decompositions of the figures and the enumeration of square units corresponded to the
equations used to find total areas.

Although the student correctly answered that Shape C would require more paint, they did not find the
correct area for both figures. The Correctness rating of 3 accordingly indicates that the student’s work
was mostly correct, with the incorrect area for Shape D apparently the result of a minor error in
translating the figure, including an extra half square unit in the bottom row of the figure, rather than
evidence of a conceptual misunderstanding.
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Figure 2

Student work on the Painted Shapes Task (RK-S)
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Three members of the research team, including authors 1 and 4, trained to use the rubrics
before scoring the tasks. First, we reviewed a set of responses and discussed them together in relation
to each rubric, making edits to the rubrics until a consensus was reached. Next, the scorers
independently scored a small set of responses, and then we discussed and resolved discrepancies in
the scores, leading to further editing and additional examples provided on the rubrics to improve
consistency. Finally, two members of the research team independently scored each of the task
responses. The two scorers discussed all discrepancies to come to a resolution, sending responses to
a third scorer if they could not resolve a discrepancy through discussion. To improve consistency, we
scored and reconciled all responses to one task at a time. Initial inter-rater reliability was good for
Correctness (independent scores were the same for 83 percent of responses) and marginal for EC-RK
(54 percent of responses were assigned the same score independently). For each of the rubrics, over
97 percent of the independent scores were within 1 point of each other across the set of responses,
and scorers resolved over 99 percent of the discrepancies through discussion.

Results
Analysis

After rubric scores were determined, we performed a series of within- and across-student
quantitative analyses. We first examined the relationship between students’ EC-RK and correctness
of solutions. We then compared students’ work on tasks with and without RK supports and examined
whether the impact of RK supports was different for ML and non-ML students.

We employed two overarching multi-level models, one with EC-RK as an outcome variable
and the other with Cotrectness as the outcome variable. We built the models progressively to examine
our two factors of interest—tasks designed with and without RK supports, and students’ EC-RK in
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problem solving—first separately and then in combination. For both factors, we also investigated
differences between ML and non-ML students in interaction with these two factors. For each model,
we nested the three tasks that students completed (level 1) within each student (level 2). To account
for differences among the tasks and students’ grade levels, we accounted for task type and student
grade in all models. The variables included in each model, one progression with EC-RK as the
outcome variable and the second progression with Correctness as the outcome variable, are outlined
in Tables 2 and 3, respectively (equations for the models can be found in Appendix B).

Table 2

Analytic Models for EC-RK Outcome

Level 1 (Task) Level 2 (Student) Interaction
ML status x
Task RK ML RK
Model type Support  Grade status Support
RK-0 Y Y Y
RK-1 Y Y Y Y
RK-2 Y Y Y Y Y
Table 3
Analytic Models for Correctness Outcome
Level 1 (Task) Level 2 (Student) Interactions
Task RK ML EC-RK ML status x ML status x
Model type Support Grade  status RK Support EC-RK
C-0 Y Y Y
C-1 Y Y Y Y
C-2 Y Y Y Y Y
C-3 Y Y Y Y
C-4 Y Y Y Y Y
C-5 Y Y Y Y Y
C-6 Y Y Y Y Y Y Y

Note: The task type dummy variables at level 1 excluded the Painted Shapes task. At level 2, Grade 7
and non-ML students were the excluded categories. All models used grand mean centering for all
variables to aid in the interpretation of coefficients.

Results for Use of EC-RK in Responses

Our original intent in creating the RK supports was to encourage students to make records as
a part of their solving processes. We designed the RK supports in pilot studies to identify and test
features that students indicated either encouraged or discouraged their creating of records (Fernandes
et al., 2015; Heck et al., 2015). For this study, our purpose was to examine whether the inclusion of
RK supports in the task design was associated not with the presence or quantity of records, but more
pointedly with the extent to which records reflected students’ cognitive processes, that is to say, with
students” EC-RK. Model RK-0 included variables for task type at level 1 and students’ grade level and
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ML status at level 2, establishing the foundation for this set of analyses. EC-RK scores did not differ
by students’ grade level or ML status. Evidence of cognition in RK was significantly lower for both
the Seven Rectangles (7 (df) = -4.24 (110), p < .05) and Floor Plan (7 (df) = -2.71 (110), p < .05) tasks
compared to the Painted Shapes task. Figure 3 shows the expected scores in Model RK-0 for each of
the tasks (full results in Appendix B). Inclusion of the task type variables accounted for these
differences in all further analyses.

Figure 3

Model RK-0 Expected Scores for EC-RK, by Task

EC-RK

Painted Shapes Seven Rectangles Floor Plan

In Model RK-1, we examined whether inclusion of RK supports in the task design had an effect on
the level of students’ EC-RK. No significant association was detected. Finally, in Model RK-2, the
effect of including RK supports was considered in interaction with students’ ML status. Here again,
no significant association was found. Neither model resulted in an appreciable reduction in variance
at either the task or student levels (full results in Appendix B).

Results for Correctness of Responses

To investigate the impacts of RK supports on students’ problem solving, and particulatly on
ML students’ problem solving, we proceeded in three stages. First, we examined whether students’
EC-RK was associated with greater progress toward a correct response, both as a main effect and in
interaction with ML status. Next, we examined whether the inclusion of RK supports in the task
design was associated with correctness, regardless of observed EC-RK, overall and by ML status.
Finally, we examined the combined effect of students” EC-RK and the inclusion of RK supports in
the task design, again as both a main effect and in interaction with ML status.

We began with a model (C-0) that included task type, grade level, and ML status to provide a
foundation against which other models could be compared. The expected scores for Model C-0 shown
in Figure 4 indicate that scores on the Seven Rectangles task were lower, on the whole, than scores on
the other two tasks (# (df) = -3.95 (110), p < .05). Neither grade level nor ML status were significant
predictors of correctness scores. The remaining variance in model C-0 was 74 percent for level 1 and
86 percent for level 2 (full results in Appendix B). The three tasks were not designed to be of equal
difficulty, so overall differences in correctness scores by task was acceptable. Including task type in all
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models accounted for these differences analytically. The results indicating no overall differences by
grade level or ML status suggested that, on average, the collection of tasks did not favor students
according to these factors, which was the intended result of the task selection, review, and design work
completed in the early phases of the study.

Figure 4

Model C-0 Expected Scores for Correctness, by Task

Correctness
[\S]
l

Painted Shapes Seven Rectangles* Floor Plan

Note: Scores on Seven Rectangles lower than scores on Painted Shapes and Floor Plan

(¢ (df) = 3.95 (110), p < .05).

Models C-1 and C-2 analyzed the effect of students’ EC-RK during problem solving, first as
a main effect only, and then in interaction with ML status. As illustrated in Figure 5, the results for
Model C-1 indicated a strong, positive effect of EC-RK on correctness of the responses (7 (df) = 6.98
(109), p <.05). A one point gain on the EC-RK rubric was associated with slightly more than a half
point gain on the correctness rubric. It is interesting to note that accounting for EC-RK eliminated
the significant difference in scores between the Seven Rectangles task and the other tasks. Including
the EC-RK predictor variable reduced variance at both levels of the model compared to Model C-0.
In Model C-1, the reduction was a modest 8% of variance at the task level (from 0.74 to 0.68),
indicating some differences in the effect of students’ EC-RK on correctness across the three tasks.
At the student level, there was a substantial reduction in variance of 52% (from 0.86 to 0.41),
suggesting that differences in EC-RK across students have a considerable effect on correctness. Model
C-2 added an interaction effect between ML status and EC-RK which was non-significant, indicating
there was no detectable difference in the effect of EC-RK on correctness between ML and non-ML
students. Accordingly, no additional reduction in model variance was evident.
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Figure 5

Model C-1 Expected Scores for Correctness, by EC-RK Score

4
3
a
[}
£
Q2
=
=}
O
| . I
0 T T T T
0 1 2 3 4
EC-RK

Note: Expected Scores are adjusted for Task, Grade Level, and ML status.

Models C-3 and C-4 analyzed the effect of including RK supports in the task design, first as a
main effect and then in interaction with ML status. According to the results of Model C-3, the
inclusion of RK supports made no overall difference in correctness scores—the coefficient for RK
Supports was 0 and coefficients for all other variables, along with the intercept, were essentially the
same as in Model C-0. However, the results of Model C-4 reveal an important difference among
students. The interaction between RK supports in task design and ML status was significant and
positive (7 (df) = 2.27 (108), p < .05). That is, ML students’ correctness scores were higher on task
versions that provided RK supports than on the versions that did not. This result is evident in a
positive coefficient for this interaction and a negative coefficient for ML status (¢ (df) = -2.49 (52), p
<.05). For these two models, remaining variance at both levels remained essentially unchanged from
Model C-0; in addition, correctness scores on Seven Rectangles were again significantly lower than for
the other two tasks. In the model, the inclusion of RK supports appears to explain the similar
performance of ML and non-ML students on the tasks overall. These supports appear to have been
helpful for ML students while having no detectable effect for non-ML students, as illustrated in Figure
0.
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Figure 6

Model C4 Expected Scores for Correctness, by Students’ ML Status and Task RK Support

Correctness

EM, Non-EM, EM, Non-EM,
RK-U Task RK-U Task RK-S Task* RK-S Task

Note: Expected Scores are adjusted for Task and Grade Level
* Significant interaction of ML status and Task RK support (# (df) = 2.27 (108), p < .05)

Models C-5 and C-6 examined the combined effects of students’ EC-RK and the inclusion of
RK supports in task design. In Model C-5 these two factors were included as main effects only, with
the results again indicating that students’ EC-RK was a strong, positive predictor of correctness (7 (df)
= 7.01 (108), p < .05), while the inclusion of RK supports did not itself predict correctness scores.
Also, adjustments for the inclusion of these two main effects did not result in a detectable difference
in correctness scores by students’ ML status.

In Model C-6, students’ EC-RK and the inclusion of RK supports were examined in
interaction with students’ ML status. In this model, only the main effect of students’ EC-RK was
significant, and it was positive (7 (df) = 6.62 (106), p < .05). This result suggests that once the positive
association of students’ EC-RK is accounted for, neither students’ ML status nor the inclusion of RK
supports in the task design help to explain correctness of scores. The reductions in variance at both
levels, compared to Model C-0, are similar to Models C-1 and C-2, also suggesting that accounting for
students” EC-RK is responsible for these results.

Summary of Findings

There were statistically significant differences in both EC-RK and Cotrectness scores across
the three tasks; these differences were accounted for by including task type in the analyses. Overall,
ML students and non-ML students tended to give similarly correct responses to the tasks; that is, when
all responses to the tasks were considered, regardless of task version, there was no significant
difference in students’ Correctness scores related to ML status (Model C-0). Neither students’ EC-RK
nor the correctness of their responses differed by grade level.

Findings for the three research questions are summarized in Table 4. The specific evidence
from analytic results to support each finding is presented in the sections that follow.
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Table 4

Summary of Findings by Research Question

Research Question Findings
1. What is the relationship between evidence Higher EC-RK scores were associated with
of cognition in students’ record keeping and  higher Correctness scores, regardless of ML

performance on tasks? status or provision of RK supports.
2. How does student performance differ on Across all students, the inclusion of RK
tasks designed with supports for record supports on tasks did not account for
keeping versus tasks without these differences in students’ EC-RK or Correctness
supports? scores.
3. What differences are evident in the impacts ~ Non-ML students’” Correctness and EC-RK
of RK supports for multilingual learner scores did not differ for tasks with and without
students compared to first-language English  the RK supports.
speaking students? ML students’ Correctness scores were higher

on tasks with the RK supports, even though
ML students’ EC-RK scores did not differ on
tasks with and without the RK supports.

What is the Relationship Between Evidence of Cognition in Students’ RK and Performance?

Students whose RK provided more evidence of their cognitive process in problem solving
tended to have higher scores for correctness than those whose RK provided less of this evidence,
regardless of ML status, as indicated by the positive association between EC-RK and Correctness
(Models C-1 and C-2) and the non-significant interaction between ML status and EC-RK (Model C-
2).

How Does Student Performance Differ on Tasks Designed With Supports for RK Versus
Tasks Without These Supports?

There was no difference in overall student performance on tasks that included the RK
supports and tasks that did not; as a whole, students’ RK did not provide greater evidence of their
cognitive processes, nor did they respond more correctly on the task versions with RK supports. That
is, there was no significant difference between the expected scores on tasks with RK supports and
those without RK supports for either EC-RK (Model RK-1) or Correctness (Model C-3). In addition,
the positive association between students’ EC-RK and the correctness of their responses was similar
on the RK-S and RK-U versions of tasks, as indicated by the similarity between Models C-1, which
did not include the RK Supports variable, and C-5, in which RK Supports had a non-significant effect.

What Differences are Evident in the Impacts of RK Supports for Emergent Multilingual
Students Compared to First-language English Speaking Students?

ML students’ responses to tasks that included RK supports were more correct than their
responses to versions without the RK supports, unlike non-ML students, for whom no difference was
detected. No other significant differences were detected between ML students and non-ML students
on the RK-S and RK-U versions of the tasks. The different impact on Correctness for MLs and non-
MLs is evident in the significant positive association between the RK Supports*ML status interaction
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term and Correctness (Model C-4). The RK supports appear to explain the similar overall correctness
of MLs’ and non-MLs’ responses, as suggested by the presence of a significant negative association
between ML status and Correctness in the model that includes the significant positive association for
the RK Supports*ML status interaction (Model C-4) but not otherwise.

These results were somewhat contradictory to the full set of hypotheses originally driving our
investigation, namely that RK supports would lead to more RK in general, yielding greater EC-RK
that would in turn lead to greater correctness. Our results indicate that ML students developed more
correct responses to the RK-S versions of the tasks even though their RK on those versions did not
offer greater evidence of their cognitive processes in problem solving. To illustrate this finding and
offer an example for further investigation, Figures 7 and 8 show two ML students’ work on RK-S and
RK-U versions, respectively, of the Painted Shapes task.

Figure 7

Student Work on the Painted Shapes Task (RK-S)

Painted Shapes Task

3. Maria thinks sbout bow much paint she needs for Shape L and Shape F. Does Shape E use
more paint than Shape F? Does Shape F use more Jo Shape
sume amount of paine? Telp Miria by circling onc of the answers.

E and Shape F use the

(D) K uses more paint (i) E and F use the sawe amount of paint  (iii) F uses more paint

Shape |

An extrs copy of these shapes is on a scparate picee of paper

2281 6-11 Page 6
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Painted Shapes Task

Maria does not agree with your answer for Shape E and Shape F, Explain your thinking to her.
You can use numbers, words, and pictures in your explanation.
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Note: In Figure 7, the student generated rectangles that had the same areas as the shapes and
recognized that both shapes have areas equal to the same rectangle (though it was rotated in one case).
In Figure 8, the student working with the RK-U version of the task created extensive records, however,
no comparison was made between the areas of the shapes. The multiple calculations for one figure’s
area were provided without clear indication of which was final.

Figure 8

Student Work on the Painted Shapes Task (RK-U)

Painted Shapes Task

2. Look at Shape E and Shape F. Does Shape E use more paint than Shape F? Does Shape F
use more? Or do Shape E and Shape F use the same amount of pgint?
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Both responses were rated at level 3 on the EC-RK rubric, which indicated evidence of RK
supporting conceptualization of and solution to the problem, but without all elements of the solution
process represented in RK. The two responses, however, were judged differently for correctness, with
the first rated a 4 for its correct comparison without errors related to concepts or calculations. This
student did not actually calculate the areas of the two figures, but rather decomposed and recomposed
them into figures that could be determined as congruent via rotation and translation, leading to the
conclusion that they require the same amount of paint.

The second response was rated a 2 for correctness because the strategy of partitioning the
figures into portions made up of whole unit squares and partial unit squares is viable as is the approach
of enveloping the parallelogram (Shape E) and the trapezoid (Shape F) within a rectangle and
subtracting enclosed areas that are not part of the target figure’s area. However, the student’s work
does not apply this approach consistently, leading to a correct determination of the area of Shape E
but not Shape I because the subtraction of area outside Shape F was incomplete. In fact, the records
in the explanation portion of the student’s work show the full and correct subtraction for Shape E,
but not for Shape F. One of the unconnected calculations within this portion of the response (36-
12=24) may actually represent the correct subtraction for Shape F, but the response does not include
an explanation for calculating the area of Shape IF comparable to the drawing used for Shape E. Such
an explanation for Shape IF may have led the student to notice the original error in subtraction of areas
and then identify the correct conclusion.

Examples such as these allow us to hypothesize how the RK-S versions may have supported
ML students in a few ways. First, the RK supports potentially improved ML students’” understanding
of what solving the task entailed. The RK-S version of Painted Shapes had the student first practice
drawing a figure that required the same amount of paint as a given figure, so the notion of comparing
areas of figures was elicited in this support that specifically prompted creation of a record. Also, the
RK-S version provided response options below the question (see Figures A3 and A4 in Appendix A)
to reinforce what the question asked and what sorts of results a solution could lead to. It is notable
that the work shown in Figure 7 provides an answer to the task’s question, but the work shown in
Figure 8 does not explicitly do so.

Our exploratory examination of such examples from ML students, with similar EC-RK but
varying correctness, suggests that these two features may have enhanced ML students’ ability to
interpret correctly what was being asked in the task, leading to more complete solutions to what the
task required. Other features of the RK-S version, such as additional space and the audience (a
fictitious student named in the task instructions in Figure 7) for the solution, may have enabled
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students to organize and make use of their RK to manage the cognitive load needed to solve the
problem in ways the EC-RK rubric did not indicate. The records in Figure 7 are organized and succinct
in how targeted they are to the cognitive process the student has used in their solution. Many more
records arose in the solution shown in Figure 8, with the lack of space making it crowded. The
diagrams and calculations, while demonstrating much of the student’s geometric and numeric
cognitive processes, are not organized in a way that makes clear what result the student’s solution to
the task supports.

Discussion

We found within our sample that students whose RK provided greater evidence of their
cognitive processes when completing measurement/geometry tasks were more successful in solving
the tasks. The tasks were, by design, complex enough to make it difficult for students to do all needed
work mentally, so offloading through RK provided a way to manage intrinsic load and avoid
extraneous load. The association between evidence of cognitive processes in RK and correctness of
responses also suggests that the nature of students’ records matters. All students engaged in some RK
for almost all of their responses. However, higher scores on our EC-RK rubric required RK that
appeared to help students conceptualize the task and that exhibited connections among different
records. In many high-scoring responses, RK that was not inherently meaningful, such as counting
dots, was present, and it was connected to more meaningful records, such as numeric labels. These
characteristics suggest that the records may serve purposes beyond offloading some of the cognitive
demand for storage and retrieval. It appears that students’ creation of records contributed to their
thinking process, as others have posited (e.g., Chu et al., 2017; Meira, 1995; Paas & van Merriénboer,
2020).

The RK supports we included in the design of the tasks appeared to help ML students solve
the tasks correctly, even though the supports did not result in significantly greater evidence of cognitive
processes in their RK. As explained in the results, this finding did not fully reflect the chain of
hypotheses for the study yet suggests the RK supports were useful to students in ways apart from
generating RK that reflected their cognitive processes. MLs may experience heightened intrinsic and
extraneous load associated with solving tasks due to language demands in the tasks (Barbu & Beal,
2010). These tasks with and without RK supports were designed to have the same intrinsic demand,
and both versions of each task were designed to minimize extraneous demand. However, the features
designed to support RK may have promoted ML students’ understanding of the requirements of the
task, and organizational features and additional space to support RK may have led to greater utility of
RK for MLs. That is, although we did not observe greater evidence of cognitive processes in RK on
tasks designed to support it, the supports nonetheless appear to have aided MLs in utilizing their
problem-solving assets more effectively to solve tasks correctly. RK supports should be studied
further, as our results suggest that they may have strengthened students’ ability to effectively use RK
or related assets (e.g., translanguaging) for processes such as interpreting the language of the task,
offloading and retrieving information, or making connections, and thus contributed to ML students’
success in solving the tasks.

There were several limitations to this exploratory study that have implications for future
research. We found a correlation between evidence of cognitive processes in RK and correct work in
a small sample study of Grades 7 to 9 students’ work on three mathematical tasks, and it will be
important to examine students’ RK on other tasks, at other grade levels, and in content areas other
than geometry and measurement to establish the extent to which these results might generalize.

The rubrics we developed for this study, particularly EC-RK, focused our work but also
narrowed our view. Our definition of RK requires that records be externalized, and therefore
observable, but applying the details of the rubric required interpretations about the purposes and



48 HECK ET AL.

connections among records that may not have been clearly observable. Think-aloud or stimulated
recall studies would reveal more than we were able to understand. In addition, more interpretive
studies may provide insights into the mechanisms by which RK supports students’ success in solving
problems. Our follow-up interpretations of students” RK provide clues to how the extent and quality
of RK may support correctness, but further studies are needed to investigate whether RK is an
explanatory factor in increased correctness or if there is some other underlying factor that explains
both RK and correctness.

Although we attempted to collect students’ self-report of current or past receipt of school ESL
services, we necessarily relied on teachers’ reports for grouping students in the study. In either case,
we acknowledge that we have characterized the multi-faceted identity of multilingual learner with a
very simple designation of MLL and non-ML. We were not able, in this study, to examine the influence
of varying first languages, language proficiencies, or experiences apart from receipt of school-provided
services. Research knowledge around these ideas is rich and rapidly developing. We hope to inspire
more nuanced research on the intersection of RK and other facets of MLs’ language and mathematics
experiences.

Finally, we intentionally limited our study to RK in written form, because the spontaneous and
variable use of written records we had observed inspired our research. Digital platforms that would
permit RK when solving tasks such as these were not readily available and familiar to students at the
time of the study. The more common use now of digital platforms for students to conduct and
document their mathematics work is structurally different from writing alone, certainly influencing the
potential for designing RK supports and potentially influencing how students will use RK and to what
effect.

In practice, our findings have implications for mathematics teaching, teacher preparation, and
task design. The correlation between evidence of cognitive processes in students’ RK and their success
in solving tasks implies that encouraging and supporting RK can aid students in successful problem
solving. Task design alone did not provide sufficient encouragement and support to result in increased
evidence of cognitive processes in RK of a form that supports success. However, task design to
support RK does appear to aid students, especially MLs, in interpreting and accessing problems and
in using RK effectively to solve problems. Curriculum material designers and teachers can incorporate
RK supports into tasks and assignments. In our experience, student materials often do not provide
structure for students to explore a problem through organized RK. Materials designers could add
features we identified that offer this structure. Teachers can be prepared to take advantage of task
design features that include these supports by explicitly helping students use RK for identifying and
organizing relevant information as well as offloading cognitive demand during problem solving.
Student materials also seldom provide space for exploring and solving problems. Teachers can format
handouts to provide ample blank space, ensure that diagrams are large enough for students to write
or draw in, and make extra copies of the task or parts of it available. Students may also be hesitant to
make use of blank space in this way. During this study, in fact, many students specifically asked the
interviewers if they could write on diagrams or in the blank space provided, suggesting that teachers
should explicitly permit or encourage students to use available space and resources for RK.

The relationship between evidence of cognitive processes in RK and correctness of solutions
for all students, but the failure of the RK supports within the tasks to generate such records, suggests
that additional work is needed to understand how to promote and support effective RK. Other efforts
in teaching may be required to engage students in showing evidence of cognitive processes in their
RK, such as teacher modeling, highlighting effective RK in presentations of student work, and
questioning techniques that press for students to record their cognitive processes while problem
solving. Most importantly, alongside support for ML students’ assets such as translanguaging,
supporting RK in task design and encouraging RK in teaching may strengthen MLs’ mathematical
engagement in getting started, persisting, and succeeding in solving problems.
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Appendix A: Study Instruments
Figure Al

The Floor Plan Task (RK-U 1 ersion)

Floor Plan Task

This floor plan shows the four rooms in an apartment. The floor plan shows the measurements
for each room.

21ft

104t 104

104 104t

181t 16ft

Design 2 floor plan for a new apartment with five rooms. The apartment will be rectangular with
alength of 30 feet and a width of 20 feet.
1. Drawafloor plan for tha familythat shows tha fivarooms on tha ractangle balow. Inchuda a living

room, a bathroom, a kitchen and two badrooms.

Label the length of the walls of each room.

® The five rooms will take up 2ll the space m the apartment. The apartment does not have

any halls or other rooms.

o Make the area of theliving room 120 feet squared (ft) or bigger.

o Mzkethe area of the bathroom 50 feet squared.

o The kitchen and the two bedrooms will be 10 feet long and 10 feet wide, or bigger.

20 feet.

2. Whatis the area of each room?

«ID» Page3
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Figure A2

Seven Rectangles Task (RK-S 1V ersion; Extra Diagrams Omitted)

Seven Rectangles Task

Mariahas 7 rectangles that are the same size and shape.
Shetumed 3 rectangles like this: She tumed 4 rectangles like this:

Shemoves the rectangles to make big Rectangle A.

The total area of big Rectangle A 1s 84 square mches.
1. Fmnd the length and width of one of the small rectangles.
Length= mches  Width= mches

2. What is the permmeter of big Rectangle A?
The perimeter of big Rectangle A 1s mches.

«ID» Page4
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Figure A3

Painted Shapes Task (RK-U 1V ersion)

Painted Shapes Task Painted Shapes Task

Shape A and Shape B are painted grey. Shape A and Shape B use the same amount of paint. 2. Lookat ShapeE and ShapeF. Does Shape E use more paint than Shape F? Does ShapeF use
more? Ordo ShapeE and ShapeF use the same amount of paint?
! T

|
[ ] ShapeB ShapeE ShapeF
[ ShapeA [ | | ||

‘ l Explain your thinking for Shape E and ShapeF.
1 You can use numbers, words, and pictures m your explanation.

1. Lookat Shape C and ShapeD. Does Shape C use more paint than ShapeD? Does ShapeD use
more? Ordo Shape C and Shape D use the same amount of paint?

| | shapec ShapeD
[ 11 { }
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Figure A4

Painted Shapes Task (RK-S Version, Extra Diagrams Omitted)

Painted Shapes Task

Maria is painting shapes grey. She painted Shape A.

Shape A

1. Draw another shape called Shape B that will use the same amount of paint as Shape A

Painted Shapes Task

2. Maria thinks about how much paint she needs for Shape C and Shape D. Does Shape C use
more paint than Shape D? Does Shape D use more? Or do Shape C and Shape D use the
same amount of paint? Help Maria by circling one of the answers.

(i) C uses more paint (i) C and D use the same amount of paint (iii) D uses more paint

Shape C

Shape D

Painted Shapes Task

3. Maria thinks about how much paint she needs for Shape E and Shape F. Does Shape E use
more paint than Shape F? Does Shape F use more? Or do Shape E and Shape F use the
same amount of paint? Help Maria by circling one of the answers

(i) E uses more paint (i) E and F use the same amount of paint (iii) F uses more paint

Shape E

Shape F

Painted Shapes Task

Maria does not agree with your answer for Shape E and Shape F. Explain your thinking to her.
You can use numbers, words, and pictures in your explanation
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Figure A5

Sample Correctness Rubric (Painted Shapes Task) and the Evidence of Cognitive Processes in Record Keeping Rubric

MaRKS Task Scoring Rubric for Correct Answer/Workable Approach — Painted shapes Task

Score|  Description

Specific Indicators’

4 | Amathematically sound
response that is all correct

® Provides correct answer(s) to both of the comparisons:
o Indicates (i) Shape C uses more paint (area of C=19, area of D=15.5)
o Indicates (ii) € and F use the same amount of paint (24)

AND

o There s * of flawed to finding o areas nor
small errors in area determination/comparisan
AND

® Provides an explanation that supports the student’s answer for Shapes E and F by
comparing the areas using 8 viable strategy (which may be evident elsewhere in
the student’s work, not necessarily the “explanation” box) such as.
© counting squares or shading parts of the figures
decomposing and recomposing the figures
matching parts of the two figures to compare areas.
encasing the figures in larger shapes and subtracting out extra area

°
°
°
o multiplicative calculations that appear to use linear dimensions.

MaRKS Scoring Rubric for Record Keeping

Record Keeping

The student’s cognitive process
on the task is evident from the
RK.

A set of steps for arriving at the answer is evident from
the RK (why a false start was abandoned may not be
evident). Records are purposeful’ and connected’ Some
simple calculations/counts may have been done mentally.

3 |Aresponse thatis
mathematically sound, but
has some small errors or
omissions

» Provides an explanation that supports the student’s answer for Shapes £ and F
that compares the areas using a viable strategy
AND

® For the C-D and £-F , any incorrect Incorrect area
determinations are only due to small errors in calculation, counting, or matching

2 | Aresponse that has some
mathematically sound and
relevant ideas, but has
incorrect answers due to
s0me error in understanding

® There is evidence the student counted, caiculated, or compared areas (possibly
with errors or omissions) using viable strategies, but arrived at incorrect answers
due to a misunderstanding of how to use the strategies. (This includes using 2
viable strategy that involves different area formulas for different shapes but
where some formulas used are incorrect )
OR

© There Is evidence the student used a viable general strategy to compare aress,
but the student consistently used inappropriate strategies for counting partial
squares in one or both comparisons.
OR

© The student correctly answered the comparisons of Shapes C and D and Shapes E
and F BUT there is no evidence (including in the explanation for the last question)
to indicate how the Shape E and F comparison was made.

Itis evident how RK supported
the student’s cognition on the
task but some aspects are not
evident from the RK.

It is clear how the student was

using RK to support cognition on
isolated parts of the task and
provides evidence about the
student’s conceptualization of
part(s) of the task.

It is clear how RK supported most, but not all, of the
student’s cognition and conceptualization of the task. The
purpose for most records is evident, but some
connections are not apparent.

Few, if any, connections are made between records. The

purpose for at least some records is evident from the
records, not from scorer’s understanding of the task.

All tasks: Knowing where numbers in 3 calculation came
from based on diagram labeling provides sufficient
evidence of conceptualization to rate at least a 2.
Painted Shapes: Drawn grid lines and evidence of
counting provide sufficient evidence of conceptualization
to rate at least a 2. Auxiliary lines suggesting
decomposition on at least 2 figures provide sufficient
evidence of conceptualization to rate at least a 2.

Floor Plan: Labels for dimensions and room names on the
floor plan and area calculations or results for named
rooms provide sufficient evidence of conceptualization to
rate at least 3 2. Check marks next to items on the list of
floor plan criteria and evidence of attempts to address
those criteria (maybe incorrectly) provide sufficient

evidence of conceptualization to rat

It appears the student used RK
primarily to offload isolated
procedural or operational work.

The student did some RK, but the RK did not evidently
support conceptualization of the task. There are no
evident connections between records, and the records are
not explicitly related to elements of the task.

The student did not use RK for
cognition.

There is no RK to support cognition.

1 | Aresponse that has
fundamental mathematical
flaws and leads to incorrect
answers (or possibly correct
answers, but not for the
correct reasons - like using
perimeter instead of area but
it happens to work out)

© May or may not provide a correct answer(s) to one or both of the comparisons,
and there is evidence the student used a non-viable strategy for both
(eg. with other than area; areas
of encasing rectangles)
© There is no evidence of how the student made comparisons and only one
comparison is answered correctly.

0 | Noresponse or, if answers
only, nothing is correct

© The student did not record any answers at all
OR

© There is no evidence of how the student made comparisons and neither
comparison is answered correctly.

' DO NOT use student work reated to Shape A or Shape B in judging correctness of the solution or 8 workable 8pproach
Shapes A and B are different in the supported and unsupported versions and are not part of the task to be scored.
7 “Evidence” can come from student’s record keeping or from researcher notes.

; If the student’s written calculations are missing, but their other

records show enough information to bypass the writing down of the calculations their score has the
potential of being a 4, assuming all of the other qualifications of a 4 are present.

* “Purposeful” means that there is evidence to show how records are related to the task.
7 “Connected” means that there is evidence to show how records are related to one another.
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Figure A6

Background Survey for Students

Brief Background Survey
Please respond to the following questions to help us better understand your background and
math experiences.

1. Do you consider yourself:
o Male

o Female

2. Do you consider yourself to be of Hispanic or Latino origin?
o Yes
o No

3. Do you consider yourself:_ [Select all that apply.]
American Indian or Alaska Native

Asian

Black or African American

Native Hawaiian or Other Pacific Islander

White

Ooo0oooao

4. How old are you?

5. What grade are you in?
Grade 6
Grade 7
Grade 8
Grade 9

Ooooao

6. What math class are you in? [Select all that apply.]

o Grade 6 Remedial/Review Mathematics o Grade 8 Remedial/Review Mathematics
o Grade 6 Regular Mathematics o Grade 8 Regular Mathematics
o Grade 6 Accelerated Mathematics o Grade 8 Accelerated Mathematics
o Grade 7 Remedial/Review Mathematics o Pre-Algebra
o Grade 7 Regular Mathematics o Algebra 1
o Grade 7 Accelerated Mathematics o Geometry
o Algebra IT
o Other:
7. Are you in an English as a Second Language (ESL) program in school?
o Yes
o No

8. Have you been in an ESL program in the past?
o Yes
o No

THANK YOU.




MULTILINGUAL LEARNERS 59

Appendix B: Results Tables and Equations
Table Bl

Summary of Scores

N 0 1 2 3 4
Correctness Score 168 6 24 26 14 29
EC-RK Score 168 7 14 31 29 19

Equation B1
Eguations for EC-RK Models

Level 1: EC-RK = Intercept + (N1*7 Rectangles + N2*Floor Plan)' + N3*RK Support” + e
Level 2: Intercept = (Grade 8 + Grade 9)' + ML status' + ¢

Nl =Int+r

N2 =Int+r

N3 = Int + ML status’ + r
Note: Items at Level 1, Students at Level 2

Equation B2

Equations for Item Correctness Models

Level 1: Cotrectness = Intercept + (N1*7 Rectangles + N2*Floor Plan)' + N3*EC-RK® + N4*RK
Support’ + e
Level 2: Intercept = (Grade 8 + Grade 9)' + ML status' + r

N1 =Int+r

N2 =Int+r

N3 = Int + ML status’ + r

N4 = Int + ML status’ + r

Note: Items at Level 1, Students at Level 2
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Table B2

Foundational Results for EC-RK as Outcome

Model RK-0
Coeff. ¢ (df)
Level 1
Intercept (GOO) 2.38* 19.33 (52)
7 Rectangles (G10)  -0.64* -4.24 (110)
Floor Plan (G20) -0.41* -2.71 (110)
Level 2
ML status (GO01) -0.29 -1.10 (52)
Grade 8 (G02) -0.46 -1.57 (52)
Grade 9 (G03) -0.27 -0.76 (52)
Remaining Variance
Level 1 Level 2
0.64 0.64

Table B3

Inclusion of RK Supports Results for EC-RK as Ontcome

Model RK-1 Model RK-2
Coeff.  z(df) Coeff. £(df)
Level 1
Intercept (BO) 3.04* 10.57 (52) 2.30* 16.64 (52)
7 Rectangles (B1) -0.64* -4.24 (109)  -0.62* -4.06 (108)
Floor Plan (B2) -0.41% -2.72 (109)  -0.38* -2.47 (108)
RK Supports (B4) 0.16 1.23 (109) 0.16 1.23 (108)
Level 2
ML status (GO1) -0.29 -1.09 (52) -0.47 -1.59 (52)
Grade 8 (G02) -0.46 -1.57 (52) -0.47 -1.59 (52)
Grade 9 (G03) -0.26 -0.74 (52) -0.26 -0.74 (52)
Interactions
RK Supports*ML status 0.36 1.34 (108)
(G41)
Remaining Variance
Level 1 Level2 Level 1 Level 2
0.64 0.64 0.64 0.63
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Foundational Results for Correctness as Ontcome

MULTILINGUAL LEARNERS 61

Model C-0
Coeff. ¢ (df)
Level 1
Intercept (GOO) 2.36* 16.82 (52)
7 Rectangles (G10) -0.64* -3.95 (110)
Floor Plan (G20) -0.55 (110)
Level 2
ML status (GO01) -1.65 (52)
Grade 8 (G02) -0.10 (52)
Grade 9 (G03) 0.40 (52)
Remaining Variance
Level 1 Level 2
0.86
Table B5
EC-RK Results for Correctness as Outcome
Model C-1 Model C-2
Coeff. ¢ (df) Coeff. ¢ (df)
Level 1
Intercept (BO) 1.10% 5.23 (52) 1.12* 5.23 (52)
7 Rectangles (B1) -0.30 -1.84 (109) -0.31 -1.86 (108)
Floor Plan (B2) 0.13 0.81 (109) 0.12 0.78 (108)
EC-RK (B3) 0.53* 6.98 (109) 0.52* 6.73 (108)
Level 2
ML status (GO01) -0.34 -1.49 (52) -0.54 -1.34 (52)
Grade 8 (G02) 0.21 0.83 (52) 0.23 0.89 (52)
Grade 9 (G03) 0.30 0.99 (52) 0.34 1.09 (52)
Interactions
EC-RK*ML status (G31) - - 0.09 0.60 (108)
Remaining Variance
Level 1 Level 2 Level 1 Level 2
0.68 0.41 0.69 0.41
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Table B6

Inclusion of RK Supports Results for Correctness as Ontcome

Model C-3 Model C-4
Coeff. ¢ (df) Coeff. ¢ (df)
Level 1
Intercept (BO) 2.36*  15.10 (52) 2.36%  15.23 (52)
7 Rectangles (B1) -0.64*  -3.93 (109)  -0.60*  -3.69 (108)
Floor Plan (B2) -0.09 -0.55 (109)  -0.03 -0.19 (108)
RK Supports (B4) 0.00 -0.01 (109) 0.00 -0.01 (108)
Level 2
ML status (GO1) -0.49 -1.65 (52) -0.82* -2.49 (52)
Grade 8 (G02) -0.03 -0.10 (52) -0.03 -0.10 (52)
Grade 9 (G03) 0.16 0.40 (52) 0.16 0.40 (52)
Interactions
RK  Supports*ML status 0.66* 2.27 (108)
(G41)
Remaining Variance
Level 1 Level 2 Level 1 Level 2
0.75 0.86 0.72 0.84
Table B7

EC-RK and Inclusion of RK Supports Results for Correctness as Outcome

Model C-5 Model C-6
Coeft. ¢ (df) Coeftt. 7 (df)
Level 1
Intercept (BO) 1.13% 5.22 (52) 1.19% 5.35 (52)
7 Rectangles (B1) -0.30 -1.83 (108) -0.60 -3.69 (100)
Floor Plan (B2) 0.13 0.82 (108) -0.03 -0.19 (100)
EC-RK (B3) 0.54* 7.01 (108) 0.51* 6.62 (100)
RK Supports (B4) -0.09 -0.65 (108) -0.09 -0.68 (100)
Level 2
ML status (GO01) -0.34 -1.49 (52) -0.72 -1.73 (52)
Grade 8 (G02) 0.22 0.84 (52) 0.22 0.85 (52)
Grade 9 (G03) 0.30 0.98 (52) 0.32 1.03 (52)
Interactions
EC-RK*ML status (G31) 0.06 0.43 (100)
RK  Supports*ML  status 0.47 1.65 (1006)
(G41)

Remaining Variance
Level 1 TLevel 2 TLevel 1 TLevel 2

0.69 0.41 0.68 0.41
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ABSTRACT

Sustainable WATERS addressed the critical need to support Title I middle school teachers and
students by creating a community of practice (CoP) around modeling and field exploration of
climate impacts on Southwest Florida’s watershed. The program integrated virtual and field
environments to grow access to tools, technology, and expertise in STEM, allow for teacher and
student asynchronous participation, and facilitate a long-term connection. The aim of the
professional development program was to create a CoP and network of continued engagement
and resource support to support climate change education opportunities for students and six
middle school STEM teachers in underserved schools. The study outlines the participatory
involvement and outcomes of each participant throughout the course of the study.

Keymwords: community of practice, climate education, teachers’ professional development
Introduction

Creating equitable access to STEM programs is complex due to economic disparities,
geographic isolation, cultural bridges, language barriers, and socio-economic differences amongst
districts (Munn et. al., 2018). Inequity in access to high-quality science education occurs especially
within Title I schools (Jones & Stapleton, 2017). These schools are typically low-resourced; and
situated in low-income communities with a high number of students underrepresented in STEM fields
(Banilower et al., 2013; Chen & Weko, 2009; National Research Council, 2013).

Sustainable WATERS is an interdisciplinary program that provides teacher training, supplies,
and digital resources to improve watershed literacy in Southwest Florida (SWFL). The overarching
goal of the project is to improve educators and students’ watershed literacy through the use and
building of models, leading to a greater knowledge of and sense of agency in creating solutions to the
impacts of climate change in SWFL. Each lesson within the program has a clear scientific focus,
opportunities for field or lab work, data analysis, and model building all related to the learnet’s own
backyard. As part of Sustainable WATERS’ teacher training, a professional development (PD)
Communities of Practice (CoP) program was developed that focused on teacher development and
understanding the local impacts of climate change in Title I middle schools. The program transitioned
from in-person PD to an online format as a result of the COVID-19 pandemic. It leveraged access to
virtual tools to increase teacher and student access to modeling and climate change expertise relevant
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to SWFL communities. Sustainable WATERS’ CoP engaged teachers and students in locally-focused
climate education by integrating models and modeling.

Communities of Practice (CoP) in Education

A CoP is a is a social learning system where individuals come together to fulfill individual and
group goals of a common interest (Cambridge et al., 2005). CoPs focus on sharing best practices and
creating new knowledge to advance a professional practice. Ongoing interactions are an important
part of CoPs, and many virtual CoPs (vCoPs) rely on face-to-face meetings as well as virtual
collaborative environments to communicate, connect, and conduct community activities (Cambridge
et al., 2005). CoPs are social learning systems, where members define competence around a discipline
or practice by combining three elements: a sense of joint enterprise, mutually defined norms and
relationships, and a shared repertoire of communal resources they create and can draw upon to further
their competence (Wenger, 2010). We used a CoP approach as a PD partnership model to connect
university researchers and K-12 teachers. In this study, CoP serve as the primary theoretical
framework, to examine how teachers engage in professional development in climate education. CoP
provides a structured approach to understanding teacher learning as a social process, where
participants develop expertise through interaction, collaboration, and sustained engagement within a
professional learning community.

School-university partnerships provide opportunities for collaboration with mutual benefits
(Lynch & Smith, 2012; White et al., 2010). The benefits associated with these partnerships include
“built-in support networks" for the teachers (Darling-Hammond, 2006, p.110). However, challenges
and barriers exist when implementing school-university partnerships, including sharing space, time,
and resources required (Green et al., 2020). Existing connections to the community and school district
partners in watershed education allowed for us to grow the CoP to deepen teachers’ skill, content
knowledge, and participation in watershed education.

Within CoPs, the members can participate at different levels and can move between levels of
engagement throughout their participation. Core members define CoP norms and create and share
knowledge. Active members frequently participate in the CoP but may not be leaders or creators of
knowledge and artifacts. Perjpheral members participate less frequently but can move to be active or
core when they develop their knowledge and contribute to the CoP. Core members can legitimize
peripheral members as they develop (Borzillo et al., 2011). Participation in a CoP enhances teachers’
self-efficacy by providing opportunities for mentorship, collaboration, and real-wotld application of
new instructional strategies. According to Bandura (1997), self-efficacy is shaped by mastery
experiences, social persuasion, and observational learning, all of which occur naturally within a CoP.
As teachers progress from peripheral to core members, their confidence in teaching climate-related
content increases, reinforcing their belief in their ability to facilitate student learning effectively.

Climate Change Education

Science education communities advocate for a climate-literate public equipped with the
scientific knowledge and skills needed to make informed decisions about global climate change (GCC)
(McNeal et al., 2014). For this study, we define dzmate literacy as the ability to apply scientific knowledge
to advance understanding and engagement in climate science (McNeal et al., 2014). However, climate
change is inherently complex; the global nature of the issue makes it challenging to observe climate
change at the local level, limiting its relevance to students’ daily lives and the need for long-term
analysis and projections makes it challenging for science educators to fully understand and effectively
communicate the processes behind GCC (Nation & Feldman, 2022). Science educators recognize that
teaching climate change science is necessary to produce a citizenry that understands the causes of
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GCC and ways to both mitigate it and prepare for its effects (ChewHung, 2022; Gutierrez et al., 2008)
Teachers must integrate GCC into their curriculum, and students need to develop a deeper
understanding of its causes and impacts. Adding climate change content to existing science curricula,
however, is not enough. Teachers require preparation through PD in effective pedagogical strategies
to teach climate-focused content meaningfully (Nation & Feldman, 2021).

The Next Generation Science Standards (NGSS Lead States, 2013) emphasize the importance
of analyzing evidence for climate change (HS-ESS3-1) and using climate models (HS-ESS2-6, HS-
ESS3-5). However, studies have shown that educators, both at universities and K-12 schools, often
lack confidence in their subject knowledge and feel unprepared to adequately teach climate change
(Oversby, 2015). Filho and Hemstock (2019) argued that educational institutions should actively
pursue initiatives that promote awareness and encourage local solutions. The Sustainable WATERS
program aims to bridge this gap by engaging teachers and students through locally focused models
and simplified climate modeling, fostering connection to the material and enhancing comprehension
of GCC’s complexity for beginners. Models can be powerful tools to help educators and students
describe, represent, and predict climate phenomena (Cartier et al., 2001), though these models must
often be simplified to illustrate climate change effects on a local or regional scale. Climate models are
critical for scientists studying global climate trends. The program seeks to make these models more
accessible for students and secondary science teachers, helping them understand the complex
interactions associated with GCC. Research by Holthuis et al. (2014) indicated that instructional
approaches focused on modeling climate data can improve both teaching effectiveness and student
understanding of climate change. Additionally, Bhattacharya et al. (2020) found that students’ ability
to analyze complex climate science and climate literacy can improve when they use multiple modeling
methods. In later sections, we describe the types of models used within the Sustainable WATERS
curriculum and their integration with existing science standards.

Professional Development

The impact of PD on efficacy and student learning is well-documented (Althauser, 2015;
Fischer et al., 2018; Rutherford et. al, 2017). PD is vital to help teachers gain skills and knowledge to
teach about current environmental and social issues (Borko, 2004; Guskey, 2002). While many PD
opportunities are available to science teachers, most are not designed specifically for teaching and
learning of climate science or to advance teacher understanding of this complex issue (Schneider &
Plasman, 2011). For complex issues, such as climate change, research suggests that educators need
PD that presents content paired with specific teaching strategies to build confidence and better
incorporate the topic into their curriculum (Hestness et al., 2017; Kunkle & Monroe, 2018; Plutzer et
al., 2016). This specific type of PD can increase teachers’ subject matter knowledge (SMK),
pedagogical content knowledge (PCK), and self-efficacy to enable them to teach climate change more
effectively (Nilsson, 2014; Van Driel & Berry, 2012). For the purpose of this study, self-efficacy is
defined as “beliefs in one’s capabilities to organize and execute the courses of action required to
produce given attainments” (Bandura, 1997, p. 3). PD programs can increase educators’ self-efficacy
(Bandura, 1997; Chesnut & Burley, 2015; Holden et al., 2011; Morris et al., 2017) and teachers with
greater self-efficacy tend to be more open to new ideas and willing to experiment with new methods
to meet the needs of their students (Gavora, 2010).

Li et al. (2021) document a gap in the literature, in that while many climate change education PD
programs are implemented, little empirical evidence of effective PD approaches specific to climate
change education have been documented. Desimone (2009) offers five critical features for successful
PD, of which the following were implemented in the Sustainable WATERS teacher training
experiences including:
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1. Focus on content: Sustainable WATERS incorporated the use and creation of models to
communicate and represent their understanding of the problematic trends associated with the
impacts of climate change in SWFL

2. Opportunities to engage in active learning between and among the participants:
teachers engage with each other, experts in the field, (including Marine and Environmental
Scientist and GIS specialists) and local ecosystems to learn about the impacts of climate change
in local watersheds and their home environments.

3. Coherence between new learning and teachers’ knowledge and beliefs, collective
participation: data collected via Climate Literacy survey and virtual check-ins determined the
progression of each learner.

4. Extending the PD over an appropriate duration of time: Sustainable WATERS took place
over one Academic Year (AY) and weekly check-in

As PD models continue to evolve, vCoPs have emerged as powerful tools for supporting teacher
learning, collaboration, and instructional confidence (Ghamrawi, 2022; Schwarzhaupt et al., 2021).
Building on this foundation, our project applied a CoP model specifically rooted in climate-related
watershed issues, focused on teachers’ self-efficacy and the impacts of climate change in SWFL
through participation in PD designed in the Meaningful Watershed Educational Experiences (MWEE)
framework employed by the National Oceanic and Atmospheric Administration (NOAA, 2021). This
model responds to the growing demand for equitable, high quality, climate change PD that supports
content knowledge and instructional confidence across diverse educational settings and can be readily
adapted to other geographic regions by contextualizing climate impacts to their local ecosystems.

Research Questions

1. How does participation in the professional development community of practice affect
teachers’ climate literacy and self-efficacy in climate education?

2. What elements of a hybrid professional development program foster the development of a
community of practice and how?

Materials and Methods

A mixed methods design was used to examine relationships between program participation, CoP
engagement, and climate literacy through the data collected via surveys, interviews, and meeting notes.
A mixed methods approach was chosen to allow for a comprehensive exploration of both quantitative
trends and deeper contextual insights vial qualitative data that would not be possible with either
method alone. Given that this study aimed to assess both objective measures (e.g., CoP engagement
levels, climate literacy growth) and subjective experiences (e.g., teachers’ perceptions of their
participation and self-efficacy), a mixed methods approach was the most suitable. Specifically, this
study employed a sequential explanatory mixed methods design (Creswell & Plano Clark, 2018), where
quantitative data were collected first, followed by qualitative data to provide deeper insight into initial
tindings and identify patterns in CoP engagement and climate literacy through surveys, interviews, and
meeting notes to contextualize patterns within teachers’ experiences.

To elicit teachers’ perceptions of their program participation and CoP membership, we used a
phenomenographical approach (Marton, 1986). By using a phenomenographical approach, we gained
insights into the different ways the teacher participants perceived and engaged with the program and
CoP. A phenomenographic approach was selected to explore the diverse ways teachers experienced
and interpreted their participation in the PD and CoP and allowed for a deeper understanding of
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variations in teachers' experiences, beliefs, and levels of engagement, contributing to a richer analysis
of the impact of the PD program on teachers' perceptions and practices related to climate change
education within Sustainable WATERS. We examined teachers’ understanding of the impacts of
climate change in SWFL, perceptions of teaching confidence, perceptions of their CoP membership,
and their actual participation.

Sustainable WATERS took place over two years, beginning in Fall of 2021. This study focuses on
the experience of the first cohort. Sustainable WATERS supported teachers within a large district,
both in student population and geographically. Over half the students identify as economically
disadvantaged. 38% of the student population identifies as Hispanic, 15% Black, and 43% White.

Participants

Teachers were recruited through noncompetitive selection and the district partnership
dissemination of applications. Six STEM teachers applied to participate in the first cohort, thus, all
were selected as participants in the CoP Teacher PD. All participants worked in Title I middle schools
within the district. Because the group was small and selected through an invitational process, findings
may not be generalizable to all teacher populations or contexts.

Intervention

The program supported the key parts of a CoP: working together, sharing goals, and building
resources through the following: teachers worked together through virtual check-ins and in-person
sessions, exchanging ideas, offering feedback, and reflecting on classroom implementation. The
program centered around a shared goal of improving climate literacy instruction using the NOAA
MWEE framework, fostering a common sense of purpose and direction. Participants also contributed
to a growing set of tools and resources, which were shared and refined throughout the PD.

Teachers were selected to participate as teams for an entire school year, between PD and
classroom implementation to foster long-term engagement in the program. They had weekly
communication with teachers from other schools through field experiences and synchronous weekly
virtual check-ins for collective participation. Each week was designed to take approximately 10 hours
of the teachers’ time. The 32-hour hybrid program, included the following elements (see supplemental
materials):

In-person Kick-off: Teachers were provided supply kits for curriculum training, introduced to
the program’s outdoor activities on local beaches (surveying local beaches for the impacts of erosion)
and classroom activities (hurricane dynamics).

Virtual instruction: Modules contained videos, text instruction, and models to support
teachers’ engagement in curriculum activities in the classroom and schoolyards. Each module focused
on one of four major impacts of climate change in SWFL- habitat shift, increased extreme weather
events, sea level rise, and saltwater intrusion- through field studies, data collection and analysis, and
using and creating models. Each was developed through inquiry-based activities aligned with the
NOAA MWEE framework, facilitating four activities for students and teachers: Issue Definition and
Background Research, Outdoor Field Activities, Synthesis and Conclusions, and the execution of
Stewardship Action Project. For a detailed examination of NOAA’s MWEE framework see:
https:/ /www.noaa.gov/education/explainers/noaa-meaningful-watershed-educational-experience

Synchronous, virtual check-ins: Weekly one-hour check-ins provided facetime with project
partners, time for sharing climate change education resources, successes and challenges with other
teachers, and a platform for collaboration. Table 1 describes each climate-related module and the
MWEE elements included to support learner-centered practices in climate change education.
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Table 1:

Sustainable WATERS content and MWEE alignment

CLIMATE ISSUE OUTDOOR MODELS FOR COMMUNITY
IMPACT DEFINING FIELD SYNTHESIS AND ACTION
QUESTION ACTIVITY CONCLUSIONS ACTIVITIES
Habitat How are Schoolyard plant Spatial models of Defined by
Shift organism surveys and plant location and teacher
populations measurement, with  characteristics
changing as data sharing,
climate changes? phenology surveys
Increased  How does Schoolyard Schoolyard Defined by
Extreme increased elevation surveys: topography maps to  teacher
Weather storminess Map Your identify
impact our Watershed vulnerabilities
watershed
dynamics?
SeaLevel  How does sea Schoolyard Spatial map of sea Defined by
Rise level rise impact  elevation surveys: level rise scenarios; teacher
our watershed Map Your NOAA Sea Level
dynamics? Watershed Rise Simulator
Saltwater ~ Why are our Schoolyard plant Spatial models of Defined by
Intrusion  mangroves surveys and plant location and teacher
“walking” measurement, with  characteristics and
inland? data sharing, potential change;

phenology surveys;
schoolyard surface
and groundwater
quality analysis

combined water
quality data portal
with other
participating schools

Data Collection

To measure the participation in the CoP affecting teachers’ climate literacy, teachers were
surveyed via pre- and post-Climate Literacy Survey (see Appendix A). The participants were surveyed
on GCC content knowledge and perceptions, their experience teaching climate topics, using models
in their instruction, and self-efficacy teaching climate topics and using models in their instruction.
Post-PD, they were asked their perceptions of PD effectiveness, recommended changes, and
resources needed for effective curriculum implementation.

Teachers completed feedback surveys (see Appendix B) after each module. They provided
their implementation plan, recommendations for improvement and best classtoom practices, and
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reported on their implementation experience. All responses were anonymous to ensure protection of
identities.

Weekly virtual check-ins were recorded, during which the program coordinator probed
teachers’ perceptions of their participation, challenges to participation, and how it impacted their
classroom practice. They were asked about their perceptions of the hybrid format, and how it
supported or challenged their PD. These recordings were transcribed and coded for analysis using
interrater reliability among three researchers on the team.

Analysis

Recordings of weekly check-ins, informal meeting observations, and surveys were analyzed
through thematic coding and the development of learning progressions to understand how the
teachers’ climate literacy and perceptions, self-efficacy, and CoP engagement developed throughout
the PD. To analyze the qualitative data collected, we used the concept of learning progressions as a
framework to guide our thinking about how the teachers’ knowledge progressed over time (Schneider
& Plasman, 2011). Applying the framework from Feldman et al. (2021), to document the progress of
each participant over the course of the PD. Learning progressions are used to describe the process of
how learning becomes increasingly sophisticated abouta topic over time (Duschl et al., 2007; Heritage,
2008; Smith & Wiser, 2015). The use of teacher learning progressions helps illustrate the development
of pedagogical and content knowledge, and role within CoPs related to the climate-centered PD.

To construct each progression, we examined years of experience, what they hoped to gain
from the PD, change in climate literacy and self-efficacy, type of engagement in activities, level of
implementation of curriculum, impact on practice, perception of the PD, and their role for their future
participation in the program. We assessed the change in understanding of concepts and skills over
time to construct the progressions as opposed to making a single summative assessment upon
completion (Wilson, 2009). We mapped the progressions, constructed the progressions as grouped
instances, and then reformulated them into narratives. This informed our understanding of the
teachers’ progressions as a trajectory of development rather than a series of discrete events (Heritage,
2008). Each teacher was evaluated as an active or peripheral member of the CoP, based on their
participation (Baker & Beames, 2016). Inter-researcher reliability was ensured through consensus of
the research team of each progression. Member checking occurred throughout via check-ins,
interviews, and opportunities for feedback.

Results

The following themes were identified through the analysis:

1. Confidence and a result of increased understanding: Participants showed varying levels of
initial knowledge and confidence in teaching climate change topics. Post-program, there was
a noticeable increase in their climate content knowledge and confidence in teaching these
topics effectively.

2. Perceptions of anthropogenic-induced climate change: Participants' beliefs about climate
change evolved throughout the program, with most shifting towards a stronger belief that
climate change is happening, caused by humans, and supported by scientific consensus. This
shift also included increased concern about the impacts of climate change.

3. Impact on Teaching Practice: The program had a positive impact on participants' teaching
practices. They reported feeling more prepared, using new teaching strategies, and integrating
climate change topics effectively into their curriculum. However, some participants faced
challenges in implementation due to time constraints or other barriers.
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4. Role of Mentorship: Mentorship played a role in supporting participants' engagement and
learning. Mentorship contributed to increased engagement and confidence among mentees.

The PD program yielded varied outcomes for participating teachers, highlighting differences in
engagement, growth in climate literacy, shifts in climate change perceptions, and contributions to the
CoP (see table 2). Participants entered the program with diverse teaching experiences and confidence
levels regarding climate change instruction. The case studies examined below provide insights into
how teacher engagement, prior experience, and active collaboration can influence the effectiveness of
climate change education initiatives in professional development settings.

Table 2
Ouverview of Teacher Participants

Participant Gender Years of Same School CoP Pre-Test Post-Test
Identity Teaching as Another Participation Score Score
Experience Participant Status

Monica Woman 16 Yes (with  Active 69 77
Rachel & Mark)

Rachel Woman 2 Yes (with  Active 62 77
Monica &
Mark)

Mark Man 2 Yes (with  Peripheral 62 62
Monica &
Rachel)

Francine Woman 4 No Active 92 85

Georgina ~ Woman 7 Yes (with  Peripheral 62 62
Ashley)

Ashley Woman 1 Yes (with  Peripheral 54 85
Georgina)

M: 66.83  M: 74.67
\ SD: 13.21  SD: 10.44

Learning Progressions for Participants

Monica and Rachel (Mentor/Mentee) - taught at the same school. Monica had 16 years of
teaching experience. Prior to participation, she implemented climate change curriculum with her
students frequently and felt somewhat comfortable teaching those topics. Monica believed climate
change was happening and caused by humans, that there was scientific consensus to support it, and
was very concerned about the impacts.

Monica’s climate content knowledge increased from 69% to 77%. Post-PD, she felt
completely comfortable in her climate content knowledge and ability to teach climate topics. Monica
maintained climate change was happening and caused by humans, there was scientific consensus to
support it, and was very concerned about the impacts.

Monica participated in all opportunities for engagement, she attended the in-person kick-off
day, all virtual weekly check-ins, completed the pre- and post-PD assessment, and all four requests for
teedback during the program. She implemented lessons within one month of completion. Monica was
a key contributor to community dialogue, she shared plans to implement activities, suggested
improvements, commented on content accuracy, coached the team on technology barriers, requested
clarification and material supply provision. She perceived herself as connected to the CoP, stating she
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engaged most through the weekly virtual check-ins. Monica was satisfied with the program and felt it
was a success for her. She felt the program was well-organized, relevant to her classroom practice, and
developed her teaching skills. She was evaluated as an active CoP member.

Rachel had two years of teaching experience. Prior to participation, she implemented climate
change curriculum frequently and felt confident in her teaching ability for climate topics. Initially,
Rachel was somewhat sure climate change was happening and caused by humans, that scientists
disagreed about the phenomenon, and was somewhat concerned about the impacts. She hoped to
“gain more hands-on activities to increase student engagement”.

Rachel’s climate content knowledge increased from 62% 77%. Post-PD, she felt completely
comfortable in her climate content knowledge and ability to teach climate topics. Rachel’s climate
perceptions shifted from pre- to post-PD. Post-PD, Rachel believed climate change was happening
and caused by humans, there was scientific consensus to support it, and was very concerned about the
impacts.

Rachel also implemented lessons within one month of program completion. Rachel was a key
contributor to community dialogue, she shared implementation plans, experienced implementing
activities in her classroom, suggested activities that would enhance curriculum and classroom
strategies, and perceived herself as connected to the CoP; stating weekly check-ins were most useful
for connecting with the rest of the cohort. Rachel felt the program was well-organized, relevant to her
classroom practice, and developed her teaching skills. She specifically requested a field experience for
the students as a way of making local climate issues meaningful for and memorable to them. She was
evaluated as an aczve CoP member.

Mark - was at the same school as Monica and Rachel and taught for two years. Prior to
participation, he implemented climate change curriculum frequently and felt confident in his teaching
ability on the topic. At the beginning of the program Mark was very sure climate change was
happening, was caused by humans, and there was scientific consensus about the phenomenon but was
not at all concerned about the impacts. Through the PD, Mark hoped to integrate more environmental
science projects into his curriculum and to deepen students’ knowledge of environmental issues and
stewardship.

Mark’s climate content knowledge remained the same, at 62%. Post-PD, he felt completely
comfortable in his climate content knowledge and his ability to teach climate topics. Mark’s climate
concern shifted from not at all concerned to very concerned.

Mark taught at the same school as Monica and Rachel. However, he did not collaborate, share
supplies, or participate in a peer mentor relationship. He was reserved and would often “see how went
with their implementation” before fully implementing the curriculum. Mark only went to two of the
PD sessions and largely participated as an observer with limited contributions to the greater
community. While being an enthusiastic member of the community, he didn’t actually complete any
of the modules and had limited responses to emails, check-ins, and has yet to implement any parts of
the curriculum with his students. Mark found the timing of the program to be difficult for his students
due to the testing schedule his students were participating in. That said, all participating members
experienced the same testing period within the same school district.

Mark perceived himself as connected to the CoP but could not describe how he interacted
with the community. He had no plans for implementation, but stated the other CoP teachers at his
school were developing a plan and a timeline. Mark was evaluated as a perpheral CoP member.

Francine - was the third ac#ve member of the CoP, while not as central as Monica and Rachel
to the community, she maintained active participation over the course of the semester. Francine had
four years prior teaching experience. Prior to the PD, Francine frequently taught climate change and
felt confident teaching concepts of GCC. She hoped to gain ways to incorporate the 5E model with
climate change content from the PD. Francine participated in university-led PD two years prior.
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Francine’s climate content knowledge decreased from 92% correct on a content assessment
to 85% correct. Post-PD, she felt completely comfortable in her climate content knowledge and her
ability to teach climate topics. Francine maintained climate change was happening and caused by
humans, there was scientific consensus to support it, and was very concerned about the impacts.

She actively participated in the PD but went to one less session than the other active members
of the group. When she did participate, she was able to share new insights, and new resources she
created related to the curriculum with the rest of the group. In one instance, during a discussion of
how to incorporate mangroves with life science, she created her own photosynthesis game and sent a
photo to the rest of the CoP. She was also the only member of the PD who was considering an
Environmental Action Plan with her students for Earth Day. While she wasn’t able to complete it, she
did have initiative to use the PD to inform her practice in real-time.

Francine responded “I don’t know” when asked if she was connected to the CoP, and also
when asked to describe how she interacted with the community. Despite her engagement level in the
community, Francine felt only somewhat prepared to implement the curriculum in class. Post-PD
feedback revealed she only somewhat agreed the program supported her PD in this content. The
number of activities and the limited amount of time were her primary barriers. Nonetheless, Francine
was evaluated as an aczzve CoP member.

Georgina and Ashley (Mentor/Mentee) - participated from the same school. Pre-PD,
Georgina infrequently taught climate change in her class and felt “neutral” in her comfort level
teaching GCC. She was somewhat sure climate change was happening and was caused by humans, felt
there was disagreement among scientists about climate issues, and was somewhat worried about the
phenomenon. She hoped to gain “useful classroom resources to engage students in real life
experiences.”

Georgina’s climate content knowledge remained constant at 62%. Post-PD, she felt
completely comfortable in her climate content knowledge and her ability to teach climate topics.
Georgina’s perceptions of climate changed from pre- to post-PD: she was sure climate change was
happening and caused by humans, there was scientific consensus to support it, and was very concerned
about the impacts.

While Georgina did have seven years teaching experience, her time was split between teaching
science and technology, so she did not have the opportunity to practice the implementation of the
curriculum as much as others. Georgina perceived herself as a CoP member and stated she participated
by sending emails asking questions, discussing failures and successes, sharing information, attending
meetings. She served as an informal mentor to Ashley. Based on her actual participation however, she
was evaluated as a peripheral CoP member.

Ashley was a new teacher, pre-PD, Ashley never taught climate change subjects in her class
and felt “neutral” in her comfort level teaching them. At the beginning of the program Ashley believed
climate change was happening and caused by humans, there was scientific consensus to suppott it,
and was very concerned about the impacts. She hoped to gain expanded knowledge on climate change
and new ways to incorporate real life situations in the classroom.

Ashley’s climate content knowledge increased from 54% 85%. She maintained her perceptions
on climate change as happening, important, and human caused. Post-PD, she felt completely
comfortable in her climate content knowledge and in her ability to teach climate topics.

one meeting, she was able to document her experience implementing the sea level rise module
and give feedback to the rest of the community, particularly timing tips. However, her participation
with the rest of the PD beyond that meeting was limited. She did not attend half of the virtual check-
ins, and did not implement the rest of the curriculum beyond the sea level rise module. Ashley
perceived herself as a CoP participant, stating teachers in the cohort “were all in the same boat with
students.” Based on her actual participation however, Ashley was evaluated as a peripheral CoP
member.



PROBLEM-CENTERED LEARNING 73

Discussion

The results of the program reveal diverse outcomes among the six participating teachers,
influenced by variations in experience, climate knowledge, and levels of engagement. There were
distinct differences in actual CoP participation level that divided the group. Three teachers (Monica,
Rachel, Francine) were active participants and three were perjpheral (Mark, Georgina, Ashley), based on
their PD completion, virtual meeting attendance and level of participation, survey responses, and
program implementation. Monica and Rachel, highly active in the CoP, saw meaningful gains in
climate content knowledge, increased confidence, and readiness to implement the curriculum. Both
reported feeling deeply connected to the CoP, actively contributing ideas and resources. In contrast,
Mark and Ashley, who engaged minimally, showed limited progress; they were evaluated as peripheral
members and faced challenges in curriculum implementation. Francine and Georgina had moderate
participation and displayed steady, though varied, impacts on their teaching. Francine maintained high
engagement, but felt only somewhat prepared to teach the curriculum, Georgina balanced her role in
the CoP with limited classroom implementation.

None of the participants were evaluated as core CoP members. Core members typically plan,
coordinate, and lead other members to engage them in the CoP shared enterprise (Borzillo et al.,
2011). Sustainable WATERS, was a new university-school partnership, core CoP membership was
catalyzed through a university program coordinator, who maintained constant contact and support
for new CoP members. This was essential to program success, however, for long-term impact, core
participation from teachers is necessary. In the future, there should be a focus on how active members
can move to the core of periphery as they gain experience with the curriculum.

Findings suggest teachers’ actual participation with the program did not align with perceptions
of CoP participation. All teachers, except Francine, felt connected to the CoP. It should be noted
Francine was the only teacher participant who did not have a peer teacher at her school. While Mark
felt connected, he could not describe what he did to participate, and while he did have peer teachers
at his school, he did not collaborate with them as often as they collaborated with each other.

Monica and Rachel were active CoP members; both demonstrated an increase in their climate
content knowledge over the course of the PD. Francine was an actzve member of the CoP, but did not
perceive herself that way. She was the only participant to demonstrate a decrease in content knowledge
over the course of the program. Peripheral members, Mark and Georgina, demonstrated no change in
their climate content knowledge. Ashley, another perjpheral member, had the largest increase of the
CoP participants. However, it should be noted, she began the program with the lowest score.
Examining the progression of individuals, and as a whole, we suggest both actual and perceived
participation in a CoP can affect development of content knowledge over time. This can have future
impact on the design of virtual environments and potential research questions - which are most likely
to support actual CoP participation, and which are most likely to foster a perception of connectedness?

Active CoP members, Monica and Francine’s climate perceptions were both considered
alarmist and anthropogenic induced prior to the PD. Rachel did not begin the program as concerned,
although completed it that way. Her mentor/mentee relationship with Monica may have contributed
to the change (McCauley & Guthrie, 2007). The relationship within the program highlights the impact
of school-based teacher teams participating. According to Vescio et al., (2008) participants are more
likely to persist and contribute to CoPs through co-learning and collaboration when participating with
other teachers from their home school. Our findings suggest that while vCoPs provided an essential
platform for continuity, virtual meetings present challenges in forming peer connections. This aligns
with Jocius et al. (2022), who found that face-to-face interactions create more opportunities for
spontaneous collaboration and relationship-building. Future CoPs should prioritize hybrid models
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that blend the flexibility of virtual engagement with the relationship-building benefits of in-person
collaboration that are particularly important to novice teachers.

There was no discernible pattern to changes in self-efficacy related to CoP membership,
perceived or actual among the participants. Pre-PD, two teachers (one active, one peripheral) reported
high levels of confidence teaching with models and teaching climate change topics. Four teachers (two
active, two peripheral) reported medium levels of confidence. Post-participation, all participants
reported high levels of confidence teaching GCC, aligning with previous studies indicating the use of
vCoPs for in-service teacher PD can increase self-efficacy through increased opportunity for social
networking, collaboration, and overcoming barriers typical to implementation of in-person PD
(Boling & Martin, 2005; Kirschner & Lai, 2007; Moore & Barab, 2002). Sustainable WATERS virtual
and in-person interactions supported these practices and positively affected self-efficacies for all
participants.

Years of teaching experience played an important role in shaping CoP participation and its
impact on climate literacy. More experienced teachers, such as Monica, demonstrated greater
confidence in engaging with the CoP, likely due to her prior pedagogical expertise and familiarity with
PD settings. Conversely, early-career teachers such as Ashley and Mark often remained in peripheral
roles, citing uncertainty in both climate content knowledge and instructional strategies. These findings
suggest scaffold PD, including mentorship or differentiated pathways, may help support eatly-career
teachers fully integrating into CoPs.

Community Participation and Virtual Tools

All teachers participated in the in-person kick off day and completed pre- and post-PD
surveys. Only Monica completed all module feedback surveys. Weekly virtual check-in participation
matched overall CoP participation: active members attended most frequently and contributed most to
the conversation. Perjpheral members attended 50% of the meetings and were less engaged during their
attendance. For successful CoP, members develop their own ways of contributing and mechanisms
for CoP development outside of program coordination.

Participants described their participation in the CoP through discussions with other teachers,
collaborative planning or implementation, and virtual check-ins, which was the mechanism for
communication and collaboration. No one described CoP interaction beyond the university team set
up. Therefore, none of the teachers were evaluated as core members based on the literature. Because
core members are typically schedulers and coordinators, we situated the core position and associated
responsibilities within the university program coordinator. The expectation is as acfive members
participation deepens; they will become core members of the CoP. Future follow-up with participants
is needed to determine if this occurred after the completion of the PD.

All interactions described by teachers were ones in which they received immediate feedback
and acknowledged their contribution in real time. Ekici (2018) found online CoPs boosted self-efficacy
as participants were able to compare their experiences to others and recognize their problems and
struggles were similar to what others experienced; similar to in-person CoP development, participants
typically report meetings, curriculum training, and social events as most impactful to their belonging
(Fernandez et al., 2003; Lee, 2008; Puchner & Taylor, 2006). This suggests leveraging virtual tools that
mimic in-person interactions and provide immediate feedback will have the greatest positive impact
on CoP development. To achieve this, when survey tools are used to shape resources, practices, and
norms, contributors should see the result of their feedback in community resources immediately.

Previous research supports the importance of groups of teachers from the same schools
participating together for increased persistence and incorporation of PD into practice. vCoPs can
increase teachers’ self-efficacy by connecting novice and veteran teachers who may not otherwise get
a chance to collaborate (Ghamrawi, 2022; Lieberman et al., 2011; Schwarzhaupt et al., 2021). Our
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program aimed to do this by partnering teachers from the same schools, however, future recruitment
efforts should ensure that all participants have support from peer teachers. Mark and Francine were
not partnered with another teacher, and were the only participants who could not describe the ways
in which they interacted with the group. Georgina and Ashley were both evaluated as peripheral
members, while Monica and Rachel were both identified as active. These relationships suggest that a
strong mentor-mentee relationship can help facilitate growth and development of a new teacher and
lead to active participation.

This study offers additional insights for designing hybrid vCoPs, particularly in the post-
pandemic era, building on the work of Ghamrawi (2022). Variability in knowledge gains, engagement
levels, and perceived CoP participation suggests that virtual and hybrid PDs must be designed to
actively bridge participation gaps and tailor support for different participants.

Conclusion

This study explores the complex dynamics of climate literacy, and climate participation within
a CoP framework. As with previous research, the differences in both actual and perceived CoP
participation levels among the teacher participants, had implications for their climate content
knowledge, self-efficacy, and engagement. Core CoP membership, characterized by planning,
coordination, and leadership within the community, was facilitated primarily through the program
coordinator, thus, crucial to fostering sustained engagement among future PD (Baker & Beames, 2016;
Borzillo et al., 2011; Wenger et al.,, 2002). However, for long-term impact of climate change PD
programs, it is clear that for teachers to transition from peripheral to core participation roles as they
gain experience with the curriculum, ongoing support and mentorship is necessary, and PD programs
should consider interventions that can bridge this gap, including pairing teachers from the same school
to build in-person peer support, incorporating structured mentorship to guide early-career teachers,
and leveraging hybrid models that blend virtual flexibility with school-based collaboration.

While most of the participants within the study reported feeling connected to the CoP, lack
of perceived connectedness may be influenced by isolation from peer teachers at her school. This
further supports the need for peer collaboration in fostering a sense of belonging and active
engagement within CoPs, aligning with previous research and the importance of school-based teacher
teams in sustaining participation.

The study revealed variations in climate content knowledge development among participants,
with active members demonstrating increases in knowledge while some peripheral members showed
no change or even decreases. These findings suggest differences between actual and perceived
participation in shaping learning outcomes within CoPs. Additionally, mentor-mentee relationships
highlight the potential for peer support to influence participants' climate perceptions and engagement
levels, suggesting the need for structured support mechanisms within CoPs. While the development
of mentor/mentee relationships was not intentional in the recruitment process, they were impactful
on engagement. Future design should consider a nested CoP structure, in which each school has a
predetermined core or active teacher to draw other peripheral teachers in and provide on-site support
to positively influence teacher participation. As the program norms and practices evolve, program
leaders should emphasize in-person collaboration within school environments and support expert
teachers within a group to share expertise.

The role of virtual tools in facilitating CoP with virtual check-ins served as the primary
mechanism for communication and collaboration among participants, the COVID-19 pandemic
bolstered the case for virtual CoPs. Jocius et al. () uncovered unique impacts of online CoPs when the
pandemic forced them to shift their face-to-face teacher PD to a virtual platform. Previous in-person
sessions had high levels of engagement, so they worried “switching to a virtual experience might limit
opportunities for community building” (p. 11). We had similar concerns as Sustainable WATERS was
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forced to shift modes. We found that interactions were initiated primarily by the university team,
indicating a need for interventions to foster deeper engagement and collaboration beyond this
framework. Leveraging virtual tools that mimic in-person interactions and provide immediate
feedback may enhance CoP development and support participants' sense of belonging and self-
efficacy.

Our findings suggest the connection between hybrid CoP participation, climate literacy, and
teacher self-efficacy are useful tools. However, more research is needed to define how and with what
specific tools this is fostered. That said, what happens at schools as they interact in-person may be
more impactful than the CoP, as teachers’ perceived CoP participation was aligned with school team
participation. CoP impact hinges on teachers’ abilities to contribute to and receive feedback in real
time, therefore, hybrid and virtual programs should be designed with tools that enable that type of
interaction.

Future Research
Opverall, the study outlines the complex interactions between participation and climate literacy within
CoPs. Future research should examine strategies for promoting active participation and mentorship
within CoPs, as well as the effectiveness of virtual tools in fostering collaboration and knowledge
sharing among participants. Additionally, efforts should be made to incorporate peer support
structures and on-site collaboration within school environments to enhance teacher engagement and
learning outcomes within CoPs.
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ABSTRACT

Science instruction in elementary school provides a base for student understanding of the natural
wortld, yet policies prioritizing mathematics and reading have marginalized science. In response,
some teachers have enhanced their science instruction by introducing students to participatory
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support materials for two existing PS projects, this embedded mixed methods study focuses on
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learning) and challenges (e.g., time constraints, testing pressure) of implementing outdoor PS
projects. Teacher and student data document cognitive and affective benefits of students’
participation. Implications support the potential for PS projects that include schoolyard activities
to supplement elementary science teaching and learning.
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Introduction

Science instruction in elementary school provides a base for students understanding of the
natural world and prepares students for future learning (Appleton, 2013; Curran & Kellogg, 2016).
Despite the benefits of early science learning, accountability policies emphasizing mathematics and
reading in elementary classrooms have marginalized science instruction (Banilower et al., 2018;
Plumley, 2019). In response, some teachers have chosen to enhance their science instruction by
introducing students to participatory science (PS) projects, where students have an opportunity to
engage in real-world projects as they collect and make sense of the data (Jones et al., 2012; O’Donnell,
2023). The term citizen science has been widely debated in the United States, where the study took place;
however, we have chosen to use the term participatory science for this manuscript to identify the practice
of non-professional scientists collecting and contributing scientific data. Our use of participatory
science aligns with the primary organization in the United States that recently changed its name from
Citizen Science Association to Association for the Advancement of Participatory Sciences. Commmunity science is
another term that is sometimes used. In school-based participatory science, students can learn science
content, and another important benefit of student engagement in PS is the potential to engage in
learning outdoors (Carrier et al., 2013; Szczytko et al., 2018; Feille, 2021; Shume & Blatt, 2019),
connecting students with the natural world outside their classroom doors.

In this study, we present data from a larger research project that examined teachers’ and
students’ experiences with PS projects that incorporate outdoor learning experiences. Our research
team prepared educative curriculum support materials that are designed to support teacher and student
learning (Arias et al., 2016; Davis et al., 2017) for two existing PS projects: Community Collaborative
Rain, Hail, and Snow Network (CoCoRaHS) and Lost Ladybug Project (LLP).

We collected data from two groups of teachers who were asked to teach both participatory
science projects. Teachers who had access to support materials for the CoCoRaHS project were
identified as the CoCoRaHS treatment group, and teachers who had access to LLP support materials
were the LLP treatment group. Both groups served as control groups for the project for which they
did not have support materials. The key goals of this larger research study were to document whether
and how the support materials contribute to teachers’ and students’ engagement in the projects. In
addition to promoting student data collection and sense-making activities, our support materials
included opportunities for teachers to expand teaching and learning beyond the four walls of the
classroom to the schoolyard. In the present study, we focus on the outdoor learning experiences of
teachers and students in our study, and our research questions ask:

1. How do teachers describe their implementation of PS project outdoor instruction?
2. What are teachers’ views of their students’ experiences with PS in the outdoors?
3. How do students describe their outdoor experiences?

Literature Review
Science Education in Elementary Schools

The elementary school years are a critical time in children’s development that build the
foundation for students’ future learning, and science instruction offers multiple opportunities to
connect students’ school experiences and their lives outside of school (Irish & Kang, 2018). As
teachers seek to provide their students with authentic science experiences, PS projects can offer
students opportunities for engaging with their science instruction (Jones et al., 2012).

Despite the importance of early science instruction, policies in recent decades that align school
accountability with reading and mathematics testing have resulted in a marginalization of science
instruction time and resources in many elementary schools (Banilower et al., 2018; Plumley, 2019).
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When the Next Generation Science Standards (NGSS Lead States, 2013) were released in 2013, the
primary goals were to engage students in learning about science content and practices by doing science.
While 20 states have adopted the standards, others have attempted to adapt their state’s standards to
align with the Framework for K-12 Science Edncation (National Research Council [NRC], 2012), and at
this writing, one state has done neither (National Science Teaching Association [NSTA], 2023).
Despite these efforts, few elementary science curriculum materials are aligned to the NGSS (Explore
Reports, n.d.; Lowell et al., 2021), often leaving school districts and teachers scrambling to find
instructional resources for science. In fact, elementary teachers most frequently create their own
instructional materials (Doan et al., 2022). In the context of teachers seeking support for their science,
we explore the potential for teacher and student engagement in science and the outdoors through PS

projects.
Participatory Science

Participatory science (PS) has been described as the public’s participation in science by
contributing to the research of professional scientists through data collection and sharing (Bonney et
al., 2016). In addition to engaging the public in science research, another goal of PS has been to
increase the quantities of data far beyond what can be collected by professional scientists.

Science education reform efforts encourage a shift from teacher-centered to student-centered
classrooms, and PS has the potential to help teachers learn to design instruction that centers on
students and includes asking questions, data collection, and making sense of data (Shah & Martinez,
2016). While there is limited research on supporting teachers to include PS data collection in schools,
PS offers dual potential for increasing the quantity of PS data while enhancing the science education
of young learners.

When school-based PS projects connect with existing education standards (Lucky et al., 2014),
they can be woven into school activities rather than added on as separate instruction. Although few
PS projects include specific supports for teachers, the blending of PS in formal education can help
students to envision themselves as contributors to, and part of, the larger science community (Esch
et al., 2020). PS projects have also been found to motivate students (Dunn et al., 2016), and nature-
based PS can foster connections of students’ lives with the natural world and, importantly, in their
own outdoor spaces at school (Schuttler et al., 2019). In this study, we present one effort to support
elementary teachers’ science instruction by introducing them to PS projects that include ongoing data
collection across a school year and offer opportunities for connecting students with authentic data
collection and sense-making aligned with their academic standards.

Outdoor Education

Learning in the outdoors has a long history. In the early 1900s, open-air schools and
outdoor education were promoted for health and hygiene (Quay & Seaman, 2013). Interestingly, prior
to World War II, science education primarily referred to nature studies (Appleton, 2013), and while
most instruction today occurs indoors, learning about the natural world while in the outdoors has
been found to contribute to students’ cognitive and affective development (Carrier et al., 2014; Rios
& Brewer, 2013; Szczytko et al., 2018).

Outdoor instruction is not limited to science, and importantly, it connects learning across
discipline areas (Tan & So, 2019). Outdoor learning is often experiential, connecting with both the
body and the mind, and such full body connections have been found to positively influence learners’
cognition and emotions (Thorburn & Marshall, 2014). When active outdoor learning experiences are
connected to indoor lessons, learning is strengthened. Such experiential learning is beneficial for all
students and has been found to be especially beneficial for students who struggle with learning or
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behavior in traditional classroom settings (James & Williams, 2017; Szczytko et al., 2018). As teachers
plan to move instruction outdoors, situating outdoor instruction in the familiar schoolyard can
decrease the novelties of field trips (Ayotte-Beaudet et al., 2019; Feille, 2021; Martin, 2003).

The schoolyard expands learning beyond the classroom to a setting where students can engage
in the practices of science (NRC, 2012; NGSS Lead States, 2013) that include ongoing observations
and investigations in the natural world (Ayotte-Baudet, 2017; Carrier et al., 2014; Rios & Brewer,
2014). The schoolyard is readily accessible and avoids field trip costs and logistical challenges of
traveling to outdoor parks or nature centers. The accessibility of the schoolyard facilitates
opportunities for student engagement with science practices such as observations, data collection, and
sense making aligned with science content studies (e.g., life cycles, seasonal changes, weather) in a
setting familiar to students across the entire school year.

Theoretical Framework

This study of students’ and teachers’ PS experiences in their schoolyard is framed in situated
learning theory that acknowledges learning is positioned in context, and the context influences learning
(Giamellaro, 2017; Sadler, 2009). When students’ experiences take place in outdoor environments,
their science learning is situated in the context of study (Giamellaro, 2017) and can include
examinations of life, earth, and physical science content. Importantly, moving science instruction from
the classroom to the schoolyard offers opportunities for students to connect learning with local
phenomena (Lloyd et al., 2018).

In addition, sociocultural learning (Vygotsky, 1978) frames teacher and student learning
together in the outdoors, which informed Rogoff’s (1990) notion of cognitive development with
reciprocal contributions of teachers and students when sharing the dual familiarity of the schoolyard.
As suggested by Vygotsky’s (1978) sociocultural learning theory, knowledge is constructed in one’s
community, which includes the local context and social interactions to learn science in their schoolyard
with their classmates. Importantly, findings from these data and data from the larger study have
informed an emerging theory of school-based participatory science (Smith et al., 2025).

Methods
Context

We begin by presenting the context of the larger study for which we selected two PS projects
because of their content area alignhment with the state’s science standards. One PS project, the
Community Collaborative Rain, Hail, and Snow Network (CoCoRaHS) aligned with the state’s fifth-
grade weather standards. The second project, Lost Ladybug Project (LLP) aligned with the state’s
fifth-grade ecosystems standards. CoCoRaHS was launched in 1998 and currently has over 26,000
active observers in the United States and beyond. Observers collect precipitation data to share with
the CoCoRaHS community and help scientists learn more about precipitation patterns (CoCoRaHS,
n.d). Examinations of the CoCoRaHS project describe its potential for engaging participants in science
(e.g., Jones, 2022; Lackstrom et al., 2022; Mahmoudi et al., 2022), but few promote connections with
schools (Sheppard et al., 2022). LLP began in 2000 and was designed to help entomologists document
the types and numbers of ladybug species in the US with a goal to conserve declining ladybug
populations (The Lost Ladybug Project, n.d.). As with CoCoRaHS, research on LLP primarily
identifies participants in the public rather than specific connections with schools (Gardiner et al., 2012;
Losey et al., 2012; Lynch et al., 2018; Marchante et al., 2024). The context of the present embedded
mixed methods study focuses on teacher and student experiences with the PS projects with a special
focus on outdoor teaching and learning.
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Participants

Twenty-three fifth-grade teachers and approximately 450 students across one state in the
southeastern United States agreed to participate in the first year of this study. Each teacher was asked
to incorporate both PS projects - CoCoRaHS and LLP - with their fifth-grade classrooms, but they
received support materials for only one of the projects. By providing support materials for only one
of the two PS projects to treatment group teachers, our research team sought to learn if and how
having support materials contributed to teachers’ incorporation of PS with their students. The
educative support materials (Arias et al., 2016; Davis et al., 2017) for both projects were designed for
this study, created by the research team, and located on a website. Both projects’ materials include
monthly lessons (August—June), content resources for science, mathematics, and literacy for teachers,
and a media guide that includes content-specific readings, videos, books, and interactive guides that
related to the project. Both PS projects’ support materials include the same teacher recommendations
for outdoor instruction such as establishing expectations prior to taking the class outdoors for
learning, using multiple senses to make observations outside, collecting and recording data, and
exploring students’ wonder and curiosity.

The teacher participants were introduced to the two PS projects by attending an in-person
professional development for one day over the summer. The professional development included
opportunities to begin to consider the inclusion of PS in their classrooms in the upcoming school
year. We asked the teachers to implement both projects, though they had support materials for only
one project, their treatment group, and teachers served as control group teachers for the PS project
for which they did not have educative support materials.

Teachers also attended virtual sessions once a month across the school year for one hour with
the research team and other teachers in their treatment group to preview the upcoming month’s
support materials and discuss their projects. These meetings were held on the same days for each
treatment group on the first Wednesday or Thursday of the month after school hours (4:30pm).
Meetings for both projects followed the same structure, and while they only discussed the instructional
materials of projects for which teachers had support, the meeting schedule included time for teachers
to talk about both projects.

Data Collection

This mixed methods study includes both qualitative and quantitative data from teachers and
their students (See Table 1). Quantitative data were collected from 23 teacher participants who
completed baseline and end-of-year surveys that included questions about how conducive their
schoolyard was for outdoor learning related to the PS projects and the amount of time they spent
teaching science outdoors in previous years. We also asked teachers about their prior experiences or
understanding of PS and their reasons for joining the project. Once the school year began, we asked
the 23 teachers to submit weekly instructional logs that asked them to document their activities and
classroom decisions related to the PS project, including their estimates of the frequency and
approximate percentage of students who spent time outdoors.
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Table 1

Data Sources

Participants

Data Sources

Only Case
All Teacher Study All
Participants Teachers  Students

Only Students in
Case Study
Classrooms

Baseline Survey
Instructional Logs
End-of-year Sutrvey

Content Area Pre-test
Ecosystems/
Weather

Content Area Post-test
Ecosystems/
Weather

Quantitative

X X

X X
X X
X X

Beginning and End-of-Year
Interviews
Six Classroom
Observations

Qualitative pogi_observation interviews

Three Focus Groups
(Beginning, Middle, and
End of Year)

To provide a closer look at project implementation, we collected qualitative data with 11 of
the 23 teachers as case study participants. From the teachers who expressed interest in participating
as case study teachers, we purposefully selected teachers to represent the range of the state’s
geographic regions, school characteristics (e.g., rural, urban, size), and student populations. While the
demographics of teachers in this study were typical of elementary school teachers (i.e., white, female)
(Plumley, 2019), we use gender neutral pseudonyms for case study teachers in this paper (Table 2).
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Table 2
Participant Design
Group Treatment Project Control Project (Did Not Case Study Teachers
(Received Support Receive Support Materials)
Materials)
Group A LLP CoCoRaHS Astor, Jordan, Lian,
Teachers Taylor
Group B CoCoRaHS LLP Dana, Morgan,
Teachers Kody, Perry, Kai,

Asa

Note. We use gender neutral pseudonyms for case study teachers in this paper

Project researchers observed each case study teacher’s “target” science class (for instances when
a teacher taught science to more than one class) at least six times over the school year and documented
the observations using an observation guide that was developed by the research team. The observation
guide helped researchers record the type of activity (e.g., data collection, class discussion, group work),
setting (indoor or outdoor), grouping structure (e.g., whole class, small group), proportion of students
engaged in the activity (e.g., 50-75%, 75-100%), and interdisciplinary connections (e.g., mathematics,
language arts). Researchers recorded field notes on the observation guide using time stamps to
document the length of each of the activities observed. Researchers znzerviewed the case study teachers
seven times starting with a baseline interview prior to the first observation, then conducted post-
observation interviews following each of the six observations. The interviews asked teachers about
their PS lesson planning, implementation, reflections on their students’ experiences with PS in the
classroom and schoolyard, and their interactions with the support materials. In each case study
teacher’s class, the project researchers also conducted three foous group interviews with students near
the beginning, middle, and end of the school year. The teachers selected four to six students with
parent consent and student assent, and each of the three focus groups consisted of different student
participants.

Data Analysis

Quantitative data included teacher baseline and end-of-year surveys that examined teachers’
prior experiences with PS and outdoor instruction. Weekly zustructional log data were analyzed for
patterns using the PS projects both in the classroom and the schoolyard. Log data documented
teachers’ accounts of the frequency and time of their engagement with the PS projects, use of support
materials, and teachers’ considerations that informed their planning and instruction.

Qualitative classroom observation field notes combined with zeacher interviews were recorded and
transcribed. We used inductive coding to identify initial codes and organized them by themes (Riger
& Sigurvinsdottir, 2016). Following discussions on initial themes and code meanings (Chandra et al.,
2019), two researchers independently coded the same interviews, discussed differences, and through
negotiated agreement (Belotto, 2018) reconciled the remaining differences. The researchers identified
common interpretations of themes that captured teachers’ and students’ experiences with outdoor
learning. Themes include teacher views of outdoor instruction, their views of students’ outdoor
experiences, and student impressions of outdoor instruction. Student focus group data document
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students’ cognitive and/or affective reactions to the outdoors, classroom connections, connections to
their lives, and students’ feelings about learning outdoors (Table 3).

Table 3

Themes, Descriptions, and Sample Quotes

Code Description Sample Quotes

Theme: Teacher Views about Outdoor Instruction

Authentic learning Teachers’ descriptions of — Now I am taking them out for more of a purpose.
experiences in the the authenticity of teaching (Astor)

outdoors outdoors

Schools’ focus on Teachers’ views on It gave me permission, quite frankly becanse I was part

test preparation  standardized testing of this study. . .1 got permission from up high to walk
pressures away from teaching to the test. So that's a really good

thing because it felt more authentic. (Morgan)

Situating learning Teachers’ views on moving  Outdoor learning reinforces that learning can be

outdoors instruction outdoors anywhere. (Kody)

Benefits of Teachers’ views on positive [ think they alhways love the outdoors. 1 got outdoors

outdoor aspects of outdoor way more this year than I did before, and I really think

instruction instruction that that was a good idea and I will be doing that
again next year. (Kai)

Challenges of Teachers’ views on obstacles I had great intentions but one of my barriers was I

outdoor to outdoor instruction don't really have a safe way for the students to go out

instruction and check the rain gauge without me. (Lian)

Theme: Teacher Views about Student Experiences in the Outdoors

Student Teachers’ views on students’ They had the freedon to move around in a space that
enthusiasm for  excitement about outdootr  #hey don't normally get to run around and move in with
the outdoors. lessons the purpose. And I think anytime you can get outside

you feel better. (Astor)

Students’ limited Teachers’ views on their The most rewarding aspect of Lost Ladybug was)

outdoor students spending little time ge#ting them outside becanse they need to learn that you
experiences outdoors don't have to be behind a computer to learn. (Kody)
Students’ Students’ engagement in Going ontside is alhways very engaging, so they really
engagement in learning when outdoors enjoyed that. That was fun. And I haven't taken the
learning outdoors class outside in a while, so it was helping me remember,

oh, kids really, really do enjoy going ontside.” As long
as we have a specific purpose for why we're outside.

(Perry)

Theme: Student Views about the Outdoors
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Cognitive reactionsStudents sharing cognitive I fee/ more thoughtful about things in the outdoors
to the outdoors  connections outdoors.

Affective reactions Students’ descriptions of  Outside is more calm than in the classroon.

to the outdoors  feelings when outdoors. Classrooms are wild

Classroom Students connecting indoor /PS Connects to] what we do in social studies, we do

connections lessons with outdoor latitude and longitude, prime meridian, equator.
learning.

Connections to  Students’ reflections on I#'s changed me a lot, because now every time I go

students’ lives outdoor learning with their outside, I ahways look up on the clonds and now it's a
own lives. habit.

Learning in the  Students’ comments about  I've never seen clonds that look like that before, and
outdoors learning when outdoors. before this I never even noticed anything. So, this bhas
helped me learn a lot.

Limitations

We acknowledge that the teachers chose to participate in this study, introducing self-selection bias.
We further recognize that elementary school outdoor areas vary widely and can limit student access
for data collection with some PS projects, thus limiting the generalizability of these findings. While
there were urban schools in this study, we recognize that one factor that influenced teachers’ decisions
to participate in this study was the potential of their schoolyard for outdoor data collection. This
includes presence of vegetation and attention to safety concerns.

Findings
Quantitative — Surveys and Instructional Logs
Survey data

At the start of the study, teachers completed a baseline survey that included questions about
their feelings of preparation to use their school grounds to teach science and how frequently they took
their students outside for science instruction in the previous year. Teachers answered the same
questions on the end-of-year survey. On the baseline survey, about 70 percent of the teachers said
they did not have science instructional materials designated by their school/district. Sample data in
Table 4 reveal slight variations in survey data with no significant changes in teachers’ feelings of
preparedness for outdoor instruction after one academic year.
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Table 4
Sample Survey Data
How well prepared do you feel to use your school grounds to teach science?
Not adequately Somewhat Fairly well prepared Very well
prepared prepared prepared
Baseline 3 4 10 6
Survey
(N=23)
End-of-year 1 5 11 5
Survey
(N=22)
How often do you take your students outside for science instruction?
Never Rarely Sometimes (once Often All or
a month) almost all
Baseline Survey 1 6 13 3 0
(N=23)
End-of-year 0 7 8 6 1
Survey (N=22)

Instructional Log Data

Weekly instructional log data revealed variations in time spent on each PS project and time
outdoors. Instructional log data for @/ participants documented teachers spending little time on
projects for which they did not have support materials. For CoCoRaHS treatment teachers who had
CoCoRaHS support materials, weekly log data show that their students spent an average of about 26
minutes each week on activities related to CoCoRaHS (e.g., reading the rain gauge; submitting data),
and 18 minutes each week for activities related to LLP (e.g., searching for ladybugs; submitting data).
For teachers who had LLP support materials, weekly log data show that their students spent an average
of about 38 minutes each week on activities related to LLP and 13 minutes each week on activities
related to CoCoRaHS.

Teachers were asked, “How much time did a typical student in this class spend outdoors as a
part of [LLP or CoCoRaHS] this week?” Log data indicated that students went outdoors more
frequently for CoCoRaHS (5,565 total minutes) than LLP (3,486 total minutes), collecting
precipitation data most days with one to four students reading the rain gauge. Interestingly, while the
teachers’ log data indicated that students went outdoors less frequently for LLP compared to
CoCoRaHS, when they went outside, more students (the entire class of approximately 20 students)
went outdoors to search for ladybugs, and they also spent more time outdoors when compared to
CoCoRaHS. These log data were reinforced by the observation and interview data collected with the
case study teachers, helping us learn more about teachers’ views of their own and their students’
experiences learning outdoors.
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Qualitative - Interviews, Observations, and Student Focus Groups

In the baseline interview, we asked about their school’s science curriculum, their familiarity
about PS, and enactment of the PS projects. Teachers reported that, while their state posted
elementary science standards, most districts did not provide curriculum or instructional materials for
science. When asked about curriculum and instructional resources, Morgan reported using a
“Scholastic magazine, and various online resources, but it’s up to me how to design it and use those
resources.” A baseline interview question asked case study teachers about their familiarity with PS,
and Perry said “I was familiar with the idea of it, but not fully firm on what it meant. I just thought it
was doing kinds of outdoorsy stuff with your kids that benefited the outdoors, like ecosystems.” As
with teachers’ log data, field notes from researchers’ observations of the case study teachers’ lessons
and teacher interviews found teachers spent little time on projects for which they did not have support
materials. In an end-of-year interview, when asked about LLP, Perry, who had support materials for
CoCoRaHS said, “I haven't wotked with that (LLP) as much or hardly at all,” and explained that
without support materials, they were unsure what to do.

Observations

Here we describe sample observation data from two case study teachers’ enactment of their
PS project’s introductory activity. CoCoRaHS: Morgan, who had materials for CoCoRaHS, used an
introductory activity from the materials and took the entire class outside on a “weather walk” to orient
students to using their senses and rain gauge measurements to collect weather data and introduced
students to the location of the rain gauge. Students’ sensory observations included looking at clouds
and identifying cloud types, discussing how the air felt on their skin, touching dew on the grass and
speculating how the dew got there. After the whole-class introduction of the CoCoRaHS project in
the outdoors, observation data from the remainder of the school year documented that Morgan sent
only one student or a small group (2-4 students) outdoors to collect rain gauge data at the start of the
school day. Many of the monthly CoCoRaHS activities were designed to give students experiences
organizing and making sense of precipitation data; the observation data documented that, in Morgan’s
class, these monthly frequently occurred indoors.

An example of Taylor’s enactment of LLP documented their adaptation of an introductory
activity from the support materials designed to orient students to the schoolyard as an outdoor
classroom and connect with state science standards on ecosystems. In the activity, students were asked
to map their schoolyard and identify its features and types of vegetation. The goal of this initial activity
was for students to the use their maps throughout the school year to document the locations where
they found ladybugs. Rather than asking students to draw maps, Taylor chose to prepare a map
template of the schoolyard in advance prior to taking the students outside and asked students to label
features on their map and discussed using map keys. Although the purpose of this initial activity was
designed to provide students with a map to plot the location of the ladybug sightings across the school
year, its use was not documented in observations of Taylot’s subsequent monthly activities. Next, we
present the case study teachers’ reflections on the benefits and challenges of situating instruction in
the outdoors, as well as the impact outdoor learning had on their students.

Interviews
Benefits. In interviews, seven of the 11 case study teachers described how the PS projects

created more purposeful opportunities for science and outdoor learning throughout the school year.
Astor said, “I [used to] take them outside just to do work...but now I’'m taking them out for more of
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a purpose...there’s actually a reason.” Perry’s reflection on PS and purpose was, “Kids really, really
do enjoy going outside, as long as we have a specific purpose for why we're outside.”

Jordan contrasted the activities from the project’s support materials with standards-focused
school norms and described its impact on their teaching. They explained:

This was so much more than just a science lesson or a math lesson. It was so much a part of
our class. It was activities that we did together that we enjoyed...It has definitely changed my
teaching in that [with PS activity] I wasn’t standards-focused, I was purpose-focused.

Other teachers contrasted outdoor instruction with their school’s culture focused on accountability
and testing. Kyle explained, “I like to be outdoors...I think the kids learned a ton of things that you
can't get from a test. I think that we’re so tied to doing a test...It’s just unfortunate.” One case study
teacher shared their school’s repetitive focus on testing and reviewing, noting that outdoor learning
broke up this pattern:

I think it’s something that I get more excited about. At the end of the day, this test is what
drives, but it is nice to have that little break once a month to do something different that’s not
geared toward the test but still on topic. It’s hard to justify that sometimes to a principal about
doing something that’s not on the test. They want us to just teach, teach, teach, review, review,
review the whole time.

For some, viewing the outdoor areas of the schoolyard as a setting for learning prompted a shift in
both teachers’ and students’ thinking. Kody reflected that “[PS] reinforces that learning can be
anywhere. Outside doesn’t have to be recess,” and Morgan explained their students’ learning “that
outdoors can be a learning experience, not just for playtime.” Taylor expressed their own intentions
to grow:

I definitely want to try to get them outdoors more...I'm one of those [teachers] - the desks
are lined up...it was kind of neat to see how I could teach them outdoors. You know, they
don’t just have to be sitting behind a desk and listening to me, watching me on the Smart
Board, so for sure getting them outside more.

Challenges. During post-observation interviews, case study teachers were asked about
challenges they faced with outdoor instruction. Lack of time emerged as a prominent theme; six of
the 11 teachers cited the amount of time it took out of the instructional day to go outside. Referring
to a limited block of time for science instruction, Dana said:

We definitely did not go outside as much as I would’ve liked. So, when it comes to my
challenges, time is gonna be a big part of that and just having that time...one of those
challenges that I’'m gonna try to figure out this summer.

Kody similarly expressed time as the greatest challenge to including outdoor PS saying, “The biggest
thing is getting outside and checking that rain gauge and mostly it’s because of time constraints.”
Other teachers expressed aspirations for planning more outdoor learning opportunities in
following years. Lian hoped that their move to a different school would support these goals, “I had
great intentions, but one of my barriers was 1 don't really have a safe way for the students to go out
and check the rain gauge without me. But next year they'll be able [to].” For many teachers, the learning
curve for adapting new initiatives takes time (Pak et al., 2020), as Motgan described “I didn't do hardly
anything with it till the very end because my ecosystem unit is at the end.” Promisingly, even the
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teachers like Jordan, who did not fully implement the PS projects outside in the first year, expressed
future intentions, “I'm really excited for next year and the fact that I'm going to start out the year ready
to roll with it, more so than I did last year.

Students’ Outdoor Experiences

In interviews, many case study teachers described how their students have limited
opportunities to experience the outdoors outside of school. Perry shared:

Some kids don’t get outside at all... [One student| didn’t really think about being outside and
connecting with nature and prefers to stay inside and play a lot of video games. I must
remember that not all kids go home and play outside, so it’s an important experience for them.

Teachers shared how involvement in the projects provided students with new and meaningful ways
to engage with the outdoors. Taylor explained, “[Students] are able to look up from the screens...they
definitely have a better appreciation for the outdoors.” At the end of the year, Astor shared the lasting
impact that the LLP had on their students:

What they learned is to be observers and aware of their natural surroundings and not just for
ladybugs, for everything, because they had so many questions. They’d find another insect, or
they’d find a certain flower and they were curious, and they were constantly asking questions.
And I think this project has just made them more aware of the natural world around them and
it’s made them thoughtful. You don’t just see a ladybug and or an ant and step on it. You
know that everything has a purpose, and I hope that’s what they’ll take with them.

Other teachers described the ways students’ outdoor learning experiences through these PS projects
extended beyond searching for ladybugs or measuring precipitation. Lian shared how a student
connected the project with her interests of both science and history:

I had one young lady that brought in a field guide, and she’s taking it outside and identifying
all the plants and then telling me what the plants were used for in the Civil War. She said, “Did
you know this one was used to dye cloth during the Civil War?” So, I saw them taking what
we started with our ladybugs and then taking that into their own interests.

Teachers described students’ connections of outdoor science with other subjects and to their lives
were clear evidence of student enjoyment.

Student Engagement

In addition to sharing students’ enjoyment, teachers also described students’ enthusiasm for
outdoor learning. In their interviews, many case study teachers shared that students were happy when
they were outside, had a purpose outdoors beyond playtime, and felt better outdoors. Astor said,
“They had the freedom to move around in a space that they don’t normally get to run around and
move with a purpose. And I think anytime you can get outside you feel better.”

In end-of-year interviews, many case study teachers identified getting students outdoors to
learn as the most rewarding part of the yearlong project. Jordan described high levels of student
engagement in outdoor learning, “All of the students participated. I had 100% participation, 100%
feedback. I don’t know any other way in school that you get that return on the investment”. In addition
to their enthusiasm for outdoor instruction, students connected with science: “They like to be
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outdoors; they spent more time outside this year than ever before - science is their favorite.” Astor
talked about how impactful it was for students to be part of a community of outdoor scientists:

I think [the projects] made [science] more real. I think they really believe, and they should
believe, they were helping these scientists in the world because I kept telling them, “There’s
not enough scientists in the world to do all this research, and so we have to help them so they
can figure out problems.” And I think they felt very much a part of that community of
scientists.

Jordan reflected, “It’s like they had that purpose for being out there. And it wasn’t intimidating to
them to be in nature.” Some students carried their excitement beyond the classroom and shared their
joy for the PS projects at home. Astor described:

[It was rewarding to] watch my children really grow differently this year than they had in the
past. They always grow, but just to see the joy and the excitement when we found our first
ladybug, it was just exciting to see them in it. And watching their families get into it and their
little brothers and their sisters and all the pictures that were sent from all different places that
they were thinking about this, beyond the five days that they go to school. That's impactful.

Student Focus Groups

To gather student perspectives on the projects and time outdoors, we conducted focus groups
with different students from each class at the beginning, middle, and end of the school year. Focus
groups explored students’ impressions of learning in the outdoors, cognitive growth, and connections
to their lives. Student quotes include their treatment group project in quotations, CoCoRaHS (CCR)
or Lost Ladybug project (LLP).

Learning Outdoors

Many students expressed their appreciation for outdoor experiences. There were several
student comments that compared learning outdoors to the classroom: “Being in nature...actually see
what you’re learning in the classroom (LLP)”;” and “Outside is calmer than in the classroom.
Classrooms are wild (CCR).” One student said, “It’s great for kids to feel like they’re more adult. We
get to be outside and use our minds rather than sitting inside. Unlike what a normal teacher will do
with three days of ladybugs on the screen (LLP).” Other descriptions contrasting outdoor learning
experiences with classroom learning included, “I like the outside more. It just seems refreshing to be

somewhere that’s not class (LLP)”,” and, powerfully, “I love going outside. Being free instead of being
in jail (CCR).”

Cognitive Benefits

Some students described the cognitive benefits of learning outdoors such as “I feel more
thoughtful about things in the outdoors” and that it’s “easier to concentrate outside (CCR).” Another
student explained, “I'm better at doing precipitation [now]. I just didn't understand that, so you feel
like you're understanding the patterns, or even what it means (CCR).” Other students identified how
being active contributed to their learning. One student said, “Learning doesn’t have to be boring. We
can learn more about nature, active learning. It is exquisite (LLP).” Another explained, ‘T don’t really
like bugs a lot, but I like this project because I like doing, and everyone is involved, and I like to DO
projects (CCR).” Student comments also included descriptions of student autonomy, “We're going
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and doing it on our own and we’re able to look at these things and research these things on our own,
like we’re not sitting there watching what somebody else is doing (CCR).”

Students connected their activities to learning the project content and considered the larger
impact of the PS projects. Students described how they compared their precipitation data to the data
of CoCoRaHS stations across the state, noting, “We can pair the counties to see why they would have
more of less rain than us (CCR),” and “I’ve learned that even though you’re not far away from other
counties, there is still a big difference in the precipitation they get (CCR).”

Students also considered the ways the PS projects connected to their learning in other content
areas. One student referred to the opportunities their class had to graph the precipitation data they
collected as part of the CoCoRaHS project, saying, “The graphing was my favorite, because it teaches
us to do something. It’s math, but like you’re not learning it, you’re doing something fun (CCR).”
Others similarly shared, “I didn’t know anything about decimals, and then I figured it out (CCR)” and
“Graphing teaches math with fun (CCR).”

Connections to Students’ Lives and Learning Outdoors

In each of the three focus groups, researchers asked students about their favorite and least
favorite parts about being outdoors. Focus group conversations elicited clear examples of students
connecting the projects to their lives and how they interact with the natural world. In their words: “I
am more observant; I pay more attention [since participating in PS project] (LLP);” “It’s changed me
a lot, because now every time I go outside, I always look up at the clouds and now it’s a habit (CCR);”
and, “It was really cool to learn more about the rain because we don’t normally think about it (CCR).”
Other students talked about sharing outdoor experiences with their peers. One said “Discovering new
insects is great. You get to work together to find out what it is (LLP).” Another student appreciated
both the active and social aspects of learning outdoors, “We get to move and talk with each other
when we’re outside (CCR).”

The focus group data also documented students’ least favorite parts of outdoor learning and
these focused on inclement weather, bugs, or students’ own fears. Sample student comments about
their least favorite parts are, “I don’t like the ladybug project. Ladybugs are scary (LLP),” and “I don't
like my shoes getting dirty whenever we have to walk in the grass to the rain gauge (CCR),” and
“sometimes way too hot or too cold (CCR).” As we continue to analyze teachers’ interactions with
the educative materials for PS, we consider additional ways to support teachers’ efforts to reach all
students.

Discussion

Extending science learning to the familiar and accessible schoolyard has been found to
enhance both student learning and enthusiasm (Aflalo et al., 2020). Aligned with decades of research
showing that outdoor learning is beneficial to students’ cognitive achievement (e.g., Disinger, 1987),
students in this study described both cognitive and affective benefits of situating instruction in the
outdoors. Importantly, both teachers and students shared their appreciation for active learning
experiences outdoors. Active learning (Mizokami, 2018; Vanhorn et al., 2019) has been defined with
language such as “engagement” and “authentic” learning and contrasted with passive listening to a
teacher’s instruction. Here we argue that PS projects have the potential to support consistent and
active learning outside the classroom.

There is a dearth of research on PS projects in elementary schools. One article written for
elementary teachers provides a strong introduction of PS and LLP, including examples of PS projects
and LLP activities (Harris & Ballard, 2018). Our study extends this research to suggest that developing
educative curriculum materials for PS projects can support both teacher and student learning (Arias
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et al., 2016; Davis et al., 2017). Importantly, incorporating PS projects in formal education offers
opportunities to extend learning beyond the classroom to the schoolyard.

In our study, teachers described how these two PS projects that included schoolyard
experiences positively impacted students’ enthusiasm for science and offered direct connections of
science to students’ lives (Ayotte-Beaudet et al., 2023; Berg et al., 2021). For example, students
described comparing precipitation data from their own rain gauge with precipitation data collected in
other geographic locations in their state, demonstrating their excitement for feeling connected to other
communities through the CoCoRaHS PS project. These data also reveal examples of students
connecting their PS experiences to other subject areas beyond science, including mathematics and
social studies (Tan & So, 2019).

In focus group interviews, students shared their enjoyment of learning outdoors and their
connections with nature (Ayotte-Baudet, 2017; Carrier et al., 2014; Rios & Brewer, 2014). Participatory
science projects that include ongoing data collection in the outdoors can help students recognize their
contributions to the work of scientists. “Students can then appreciate what their observations mean
and how they might fit with those of others into the missions of broader science initiatives” (Esch et
al,, 2020, p. 5). In our study, data suggest that, as students learn that data collection in science is not
limited to one teaching unit or time frame, they begin to learn more about the work of professional
scientists. Such student participation and sharing data collection and sense-making opportunities in
the classroom and outdoors with their classmates have been found to deepen collective learning (Krist
& Shim, 2024).

Importantly, the PS projects and outdoor instruction in this study seemed to ignite both

teacher and student interest (Dillon et al., 2016; Obetle et al., 2021; Rios et al., 2014).
Teachers in this study acknowledged the well-documented challenges of time, preparation for taking
students outdoors, and the pressure to prepare their students for standardized testing which mirror
challenges found in elementary classroom science education more broadly (Banilower et al., 2018;
Plumley, 2019). However, the teachers’ perceived benefits of engaging their students in PS projects
appeared to motivate them to navigate past these obstacles, and many teachers in this study expressed
intentions to engage more frequently or more deeply with the projects and outdoor instruction in the
future. Findings from our study also suggest that providing teachers with support materials specific to
a PS project can help teachers connect classroom and schoolyard instruction as they contribute data
to the PS project.

Implications

Findings from this study suggest that including PS projects in elementary school classrooms
can encourage regular outdoor science learning experiences that enhance elementary science
instruction and increase students’ enthusiasm for learning. Elementary school science programs can
benefit from PS projects that include supports designed to meet teacher needs, creating a culture of
learning outdoors frequently and with purpose (Barfod & Bentsen, 2018). We suggest that, in
partnership with educators (Carrier et al., 2024), PS project leaders can design educative support
materials (Arias et al., 2018; Davis et al., 2014) to enhance efforts to expand their PS projects to formal
education settings. Such authentic data collection and sensemaking in the schoolyard can provide
young learners with science experiences with their peers, as they collect and share data, participating
in the enterprise of science. Data from the present study were collected in the first year of a larger
study, and because many teachers in this first year described intentions to “do more” in the following
school year, this project’s continuing research, and future research on PS in formal education can
extend our understanding of this study’s data over time.
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