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Abstract: In the face of the climate crisis, sustainability education must include a focus on under-
standings of socio-ecological systems (SES) and applying systems thinking (ST) skills. This study
investigates a Community and Citizen Science (CCS) program designed for elementary school stu-
dents to collect forest data to better understand their SES and gain insights into wildfire management
in a California region recently ravaged by wildfires. We examine the development of fourth-grade stu-
dents’ systems thinking skills and understandings of SES, seeing these as crucial components toward
fostering agency with science to support climate resilience. We found that students were capable of
recognizing the intricate impacts of wildfires on interconnected human and ecological systems and
demonstrated varying levels of proficiency in systems thinking skills. This place-based CCS program
cultivated knowledge and skills in young learners that may contribute to better socio-ecological
resilience and proactive sustainability efforts.

Keywords: Community and Citizen Science; systems thinking; socio-ecological systems; forests;
environmental science agency

1. Introduction

As education is a key component of the Sustainable Development Goals (SDGs),
educational systems and programs should focus on knowledge, skills, and actions that
learners can take to support sustainable human and ecological systems [1-3]. Approaching
such educational programming with a socio-ecological systems (SES) lens can encourage
learners to consider the complex interconnections between natural and human systems [4]
and foster agency [5,6]. Community and Citizen Science (CCS) as a participatory approach
to conducting scientific research and monitoring has been proposed by scholars. CCS has
the potential to empower participants to take ownership of the scientific data, develop a
deeper understanding of their local environments, and, ultimately, take action to make
changes for sustainability [7]. For young people in schools, this potential may be even more
impactful; however, empirical research is still limited. We report here on a study of a CCS
program for elementary school students that aimed to deepen their knowledge of their local
forests and collect data to help support forest management decisions to mitigate wildfire
risk, which, in turn, can foster resilience in the SES to absorb unpredicted disturbances, like
fire, while retaining the current state or phase [8-10]. As more students around the world
experience the effects of climate change, such as catastrophic wildfires, their understanding
of and commitment to managing resilient ecosystems becomes even more crucial.
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1.1. Sustainability, SES Resilience, Systems Thinking, and Education

Scholars argue for the need to understand the dynamic relationship between socio and
ecological systems to support the adaptive capacity to accommodate change and sustainable
management practices [4]. Resilience is at the center of this shift to seeing socio-ecological
systems (SES) as linked and nested, centering on how SES might mediate, adapt, and learn
from change [10]. To achieve sustainability, understanding what practices might foster
resilience understandings and thinking within SES is vital moving forward [10-12]. Walker
and Salt [12] categorize three broad drivers of unsustainable practices: (1) people without
choice due to extreme poverty, (2) people with intention due to unsustainable desires, and
(3) non-intentional practices or those due to misinformation and ignorance. Fortunately,
the third category—ignorance and misinformation—can be addressed by generating new
knowledge and educating people to understand the system [3,10]. Scholars [3,12] argue that
education should support knowledge development around what one needs to understand
about the underlying socio-ecological systems to better inform how we manage resources
to achieve sustainable goals. This is not to say the only way to combat the ignorance and
misinformation is through education, such as the environmental education (EE) program;
as Bhandari and Abe [13] argued, EE did not make a leap regarding change due to the
issues of “poverty, population, and environmental degradation and discrimination” in the
Asia-Pacific region (p. 57). Also, we acknowledge that moving from the possession of
environmental knowledge to transforming it into pro-environmental behavior is a complex
process that is influenced by both external factors, such as economic and sociocultural
factors, and internal factors, [14]. such as attitudes and emotions [15-17]. For example,
Pihkala’s [17] article stated that there was evidence of positive outcomes after incorporating
emotional activities in environmental educators’ professional development trainings in
Finland. However, we agree with Kollmuss and Agyeman [11] that knowledge can serve
as a modifier of learners’ intrinsic motivations, such as pro-environmental attitudes and
values, and can ultimately foster learners” pro-environmental behavior. Also, we argue
that there’s a difference between the possession of knowledge and actively constructing
new knowledge. As several scholars argue, it is important to generate both new under-
standing [12] and, also, new ways of thinking through education and learning [2,10] to
embrace the constantly evolving and changing state of the socio-ecological system to foster
resilience [10,18].

Climate change, biodiversity degradation, and energy transition are a few examples
of complex socio-ecological challenges requiring sustainable development and societal
transformations [19]. Scholars argue that cultural evolution can only happen when group-
level collective endeavors are supported and facilitated [20]. One important process of
achieving the endeavors to make societal, cultural, and behavioral changes is to foster new
knowledge and new ways of thinking. By connecting students to their local SES impacted
by climate change, like forests, students can connect their own knowledge to support
complex scientific reasoning [21].

Environmental education (EE) and education for sustainable development (ESD)
have long centered on knowledge and practices to engage in SES resilience thinking and
behaviors [10]. As Krasny et al. [10] emphasize, EE and ESD support discussions “focused
on creating opportunities for ongoing, responsive, and transformative learning leading
to new insights and abilities, rather than on promoting more proscribed environmental
behaviors” (p. 463). While there are many components to understanding SES resilience,
one that is central is the role of systems thinking (ST) [22-24]. While research has shown
that students as early as elementary school can engage in ST [25], there is an ongoing need
to better understand how this systems thinking translates to broader connections to SES
resilience and sustainability.

Despite the importance of understanding the complex SES, as well as engaging in
systems thinking to make informed choices, students at all levels struggle with understand-
ing the concepts and applying the skills to practice [26,27]. Particularly, students often
narrowly focus on superficial components of the systems rather than investigating the
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underlying mechanisms [22]. Several studies partially focused on teaching socio-ecological
systems to students, from elementary students to college students, through a model-based
approach that was content-driven [24,28,29]. As global changes become an urgent issue
that we are facing together, it is not scientists but all humans, including young people,
who need to regard themselves as capable stakeholders to address the urgent global cli-
mate change disaster. To do so, we need to go beyond “textbook” scientific knowledge
and support students” adaptive capacity to embrace change through participation, rel-
evance, and interconnectedness when engaging learners in climate and environmental
education [30,31].

1.2. Engage Students in Community and Citizen Science as a Participatory Approach to Achieve
Sustainable Development Goals

Though Citizen Science is a term that is more widely used and recognized in the field,
we agree with Fan and Chen [32] that Citizen Science bears multifaceted, politically loaded
controversies that might exclude and deter a certain group of people from participating in
the CS program, especially in East Asia, with an array of multiple political models. Instead,
we use the term Community and Citizen Science (CCS), with the intent of de-emphasizing
the problematic aspect of the term “citizen” and centralizing the local community-driven
effort. CCS includes participatory approaches to research and monitoring primarily driven
by scientists (often called Citizen Science) and, also, includes community-driven endeavors
(often called Community Science). CCS projects are co-created with members of the
community and focus on community needs and interests; they incorporate local knowledge
and expertise and community members are involved in defining research questions and
determining how findings are generated and disseminated [14]. As scholars explore the
educational benefits of CCS for science learning [33,34], we find there are many overlapping
activities between EE or ESD and Community and Citizen Science (CCS). Lorke et al. [34]
identified some key activities that both EE and CCS have in common, specifically when
learners participate in exploring, observing, and/or identifying. However, Lorke et al. [35]
argued that what differentiates CCS from EE programs is when participants are engaged
in recording data to be used for scientific research, especially when the data collected by
participants are used by scientists who are collaborators and partners in the CCS program.

Through engaging non-professionals in authentic scientific research processes, de
Sherbinin et al. [36] argue that Citizen Science and other participatory approaches to
science can serve as critical channels for broadening participation in scientific research and
promoting equitable access to scientific data. Citizen Science and related approaches can
allow scientists to collect larger volumes of data across a wide geographical area, which
could otherwise be an impossible task [37], and simultaneously open up opportunities for
laypersons to directly engage with research to advance scientific knowledge [38], in formal
education settings [39] as well as informal settings [5]. However, many scholars argue that
to realize the potential of CCS and strengthen the reciprocal relationship between scientists
and citizens, CCS programs must go beyond data collection and engage participants in the
full process of generating scientific knowledge.

Student participation in CCS can be a highly impactful experience. However, special
attention must be paid to the design of CCS programs to provide opportunities for students
to be involved in and position themselves as actors in the many steps of the scientific
process [40]. Previous research has explored this to understand better what might enable
or constrain student participation [41-44]. Together, these authors found three factors to be
important: (1) contextual factors, like facilitators and available roles [41]; (2) setting norms
and cultures (i.e., how are participants positioned) [42]; and (3) clear communication of
program goals and objectives [43]. Well-designed programs have been found to impact
students’ development of science identity, self-efficacy, and interest [42,45], as well as
learning and agency [5].

As we look at the intersection of CCS and students’ understandings of SES resilience,
agency provides a valuable lens into how CCS practices might support learning and the
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development of behaviors that contribute to SES resilience [5]. We draw our understanding
of agency from cultural anthropology and sociology, seeing individual, or in this case,
student agency, as students’ directed actions towards personal and/or social, cultural large-
to-small scale goals and /or values [21,46]. We further narrow this definition, drawing from
Basu et al.”s [47] concept of critical science agency to explore the role that environmental
science agency (ESA) plays in SES resilience development [5]. ESA provides a lens into how
“young people use science learning and participation as a foundation for action related to
environmental sustainability” [5] (p. 67). ESA, overall, includes the development of three
aspects: (1) environmental science content knowledge and skills, (2) self-identification with
roles within environmental science, and (3) the agency to apply environmental scientific
findings to enact change in their lives, their communities, or the environment [5]. However,
in this paper, we focus largely on how SES resilience and ST, as some of the core environ-
mental science content knowledge and skills, emerge through CCS practices and how they
might mediate and support each other.

1.3. Research Problem and Aims

Many in the conservation and sustainability fields believe that educating students will
help us to find solutions to our environmental problems, now and into the future. However,
we still struggle to understand how and when students develop rich and complex systems
thinking about SES issues and apply their understanding for resilience. As climate change
rapidly affects our socio-ecological systems, increasing the intensity of natural disasters,
like wildfires, CCS may offer a way for young people to concretely contribute to efforts
addressing the climate crisis and gain a foundation for making change and developing
agency with environmental science. In this study, we ask the overarching question: what
science learning happens when students collect forest data to inform wildfire management,
a locally relevant socio-ecological issue? To guide the investigation, we ask the following
sub-questions:

(1) What systems thinking skills and understandings of socio-ecological systems do elemen-
tary school students develop while participating in a forest-monitoring CCS program;

(2) What types of CCS participation might connect to elementary school students” devel-
opment of their systems thinking and socio-ecological thinking?

2. Analytical Framework

To answer our research questions, we construct an analytical framework by synthesiz-
ing the literature to define (1) systems thinking skills, (2) understandings of socio-ecological
systems, and (3) ways to participate in the Community and Citizen Science program. The
definition for each element in the framework is used to create the coding scheme for the
data analysis and to help structure the findings.

2.1. Systems Thinking

ST deviates from the disciplinary nature of modern education and instead looks
at the interactions between “system components and patterns that emerge from those
interactions” [48] (p. A), which helps students develop higher-order thinking skills that
are important for understanding and addressing complex, interdisciplinary problems,
like climate change [48]. ST provides, as described by Gray et al. [24], three primary
benefits: (1) the ability to identify interactions across pieces of the systems as well as
dynamics of the whole system; (2) critical thinking development to support decision
making within the system; and (3) multidisciplinary reasoning across both the social and
ecological systems. Systems thinking is defined as “a school of thought that focuses on
recognizing the interconnections between the parts of a system and then synthesizes them
into a unified view of the whole” [25] (p. 520). As a useful way of understanding complex
systems, scholars argued for the need to introduce this way of thinking to young students
as well. Assaraf and Orion [25] conducted a study to understand whether elementary
school students were able to perform systems thinking skills focused on the hydro-cycle.
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To operationalize the systems thinking, they broke systems thinking into five components:
(1) the ability to identify the components of a system and processes within the system;
(2) the ability to identify simple relationships among the system’s components; (3) the ability
to identify dynamic relationships within the system; (4) the ability to organize the systems’
components and processes within a framework of relationships; (5) the ability to understand
the cyclic nature of systems. Though Assaraf and Orion’s [25] five-component system did
not articulate the hierarchy of each component, it is clear that identifying the components
of a system is the most entry-level element of applying the systems thinking skill. Similar
but different from Assaraf and Orion’s study, Danish et al.’s [22] study simplified the
components and adopted the “Components-Mechanisms-Phenomena” (CMP) framework
to conceptualize systems thinking. Components are the superficial structures that consist
of the system and the mechanisms explain how different components interact to produce
a particular result. As the highest level of systems thinking, phenomena are observable
events within the system [22].

2.2. Understandings of Socio-Ecological Systems

Krasny et al. [10] defined SES resilience as, “the interplay between disturbance and re-
organisation, contextualised by system dynamics and cross-scale interactions, and focusing
on adaptive capacity, learning, and innovation”. This definition aligns with Gray et al.’s [24]
study, which categorized the hierarchical components of socio-ecological systems think-
ing. In Gray et al.’s framework, they listed four components of SES thinking to assess
undergraduate students’ thinking competence structure (identifying system components
and understanding the interconnectedness), function (evaluating the system dynamics
and cross-scale interactions within SES), leverage points (generating multiple scenarios
to inform a decision-making process around human and natural systems), and trade-offs
(understanding the nested and multiple spatial and temporal natures of the systems, recog-
nizing the cross-scale dynamics, and analyzing the trade-offs of a management decision).
Given the different knowledge and skill development stages between undergraduate stu-
dents and elementary school students, we adopted Gray and colleagues’ framework loosely
and used it as an indicator of defining SES thinking. In this study, we define an understand-
ing of SES as the comprehension of the cycling nature of the socio-ecological system and
the intertwined human and natural systems around them [25], particularly how human
behaviors can affect the ecological system, how the ecological system can impact human
life, and how human society can actively intervene to support forest health.

2.3. Ways to Participate in the Community and Citizen Science Programs

Given the variety and diversity of scope of CCS projects, there are many ways that
individuals may be involved. When we look at CCS projects for young people, Lorke
et al. [35] found that there were five common steps that students used when participating
in biological data collection: exploring (defined as exploring and actively searching the
habitat to discover organisms, potentially involving tools such as binoculars or nets),
observing (defined as observing organisms in nature, using one’s senses to find and study
organisms), identifying (defined as putting a name to the organism (e.g., taxon or species)
that was observed), documenting (defined as documenting the observations by generating
evidence of the observation, such as a photograph or writing on a datasheet), and recording
(defined as making the documented observation available for biodiversity monitoring
or research purposes, ideally providing the who, when, where and what aspects of a
biological record) [35,40,49]. Lorke et al. [35] found that student participants often do not
participate in all the steps and that the more common types of participation were exploring,
observing, and identifying. Understanding how students participate in CCS projects can
give us insight into their level of engagement, interest, understanding of the project goals,
and contributions. Therefore, we use these categories for student participation in CCS
activities in the Our Forests program to understand what types of participation students
were engaging in during different features of the program. This also can help us understand
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what type of participation might be linked to the emergence of other factors, like ESA or
SES resilience.

3. Materials and Methods
3.1. Program Context/Description

Historic fire suppression in the western United States has led to higher fuel loading,
which, in the long run, has led to changes in forest structure and frequent high-severity
fires [50]. As a result, and alongside the effects of climate change, rural and semi-rural
communities situated in forest ecosystems need to mitigate the risk of these catastrophic,
high-severity wildfires. In this context, the Our Forests program was developed as a
collaborative educational CCS project designed for 3rd- to 5th-grade students, led by a
watershed organization, forest managers, and educational researchers, to monitor their local
forests through data collection about forest health to help mitigate wildfire risk. Each grade
level had a different focus, with some topics in common, which, taken together, constituted a
complete set of data about each forested plot for the forest managers (Table 1). The program,
across all grade levels, had an emphasis on how the forest and human systems were
intertwined, with students learning about practices such as cultural and prescribed burns
and the causes and impacts of fire in human and forest communities. Furthermore, the
Our Forests program was developed around three design features building from previous
research on youth-focused CCS [5,51]: (1) youth collect place-relevant environmental data,
(2) youth engage in facilitated meaning-making with their own data embedded in larger
data sets, and (3) youth share findings and interact with community stakeholders.

Table 1. Program focus by grade level.

Grade Level Topics Covered

Conceptual models of forest health, Forest stand density (trees per acre),

All Grades Forest layers (understory, overstory)

3rd Grade Tree Recruitment (counting mature trees, saplings, seedlings, and seeds)
4th Grade Tree and plant species diversity

5th Grade Forest fuels (dead and downed woody debris)

This paper focuses on the learning outcomes and participation of the fourth-grade
students participating in the Our Forests program. Students in the 4th grade collected data
over 4 all-day field trips, “forest investigations,” at a nearby or on-campus forest site (see
Table 2) and one classroom-based session, with each investigation focusing on a different
goal. During these forest investigations, students used various tools, like quadrats, tree
species identification guides, and Biltmore sticks, to collect understory plant diversity and
abundance data and tree stand density data. Students learned about how to analyze tables
and graphs to understand forest and fire history with data from Yosemite National Park
as a model and, then, were guided through analysis involving creating and analyzing
data tables and graphs to make sense of their own forest density and health. Students
then shared their findings with a local forest manager paired with each class, referred
to as community partners (CPs). These CPs were forest scientists and technicians who
worked for local governmental or non-profit agencies and were responsible for managing
the forested site the students studied. At a final “share-out” event, students shared various
information with the CP, including temperature data in the shade and sun; abundance
and diversity data on understory plants; the importance of native plants; the presence
and impact of invasive species; photographs of their plots; the effects of fire on the forest;
reasons why they found particular types of plants in our plots; and recommendations on
how they can better take care of their forest.
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Table 2. Fourth-grade field investigation goals and activities.

Field Investigation Lesson Topics Covered

Forest Investigation 1

Students made initial conceptual models of forest health.

. Students learned about making and recording accurate measurements by collecting air
temperature, soil temperature, and soil moisture data in a forest plot using scientific
tools.

. Students used bar graphs to visualize their data at the end of the day.

Forest Investigation 2

e  Students generated a map of the study site that included their own interpretation of
the site and set physical characteristics.
Students gained a working definition of “disturbance” in forest ecosystems.
Students practiced using visual representations of data to support the communication
of findings.

Forest Investigation 3
(Classroom-based)

e  Students explored the benefits of forest fires on the landscape and how forest
management can help prevent destructive fires.

e  Students learned and practiced data analysis and interpretation skills using Yosemite
National Park data.

e  Students watched a video of their forest manager Community Partner and wrote
letters to their CP around questions they had about forest health.

Forest Investigation 4

. Students collected forestry data, including identifying tree species, measuring tree
diameter, counting trees, and calculating stand density.
e Students described patterns and compared several plots” data.

Forest Investigation 5

e  Students learned more about the site history of their forest plot and then compiled
their data and observations of plant diversity and abundance, the site history, and the
forest health model to outline their findings and recommendations to share with their
Community Partner

Community Partner Share-Out

Students shared their findings with their Community Partner through in-person slide
presentations and letters.

3.2. Participants and Data Collection Methods

We studied 3 of the 4th-grade classes (students were approximately 9 years old) that
participated in the year-long program. The three teachers and classes were recruited by
the watershed organization (whose staff served as educators during the program) and
the school district, whose administrators sent information to their teachers to recruit
participating schools and teachers. We then hosted an informational meeting for any
teacher who might be interested in participating and all those teachers who wanted to
participate became part of the program. Within the pool of all participating classes, the
educational researchers then first observed all classes on the first field trip and selected
10 classes as focal classes based on criteria such as the number of consenting students
and site access. Within each class, we collaborated with their teacher to select four to six
students per class for a total of fourteen focal students based on consent and selection
criteria for a range of students, with respect to their gender, performance in school based
on grades, and their responses to a short survey regarding initial interest in and confidence
in conducting science, being in nature, and experiencing outdoors. While no demographic
data were collected for the focal students, all classes were from a rural county, with 60% of
students receiving free and reduced lunch services. All fourteen focal students experienced
catastrophic wildfires and evacuations living in the area before participating in the program.

For these focal students, we collected observational field notes of student participation
in all five field investigations and post-program semi-structured interviews. During each
field investigation, one researcher-observer collected ethnographic fieldnotes, audio record-
ings, and photographs, taking an “observer as participant approach” [52]. To document
student participation, the observers followed focal students for the duration of the field
investigation to capture student actions/interactions. To maximize the number of focal
student observations, field observations lasted 20 min for each focal student and rotated so
that each focal student was observed multiple times throughout the day (similar to Lorke
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et al. [35]). While this means some student participation in the CCS activities that occurred
outside of our observation intervals may have been missed, our methods aimed to capture
as much in-depth observation of any individual focal student as possible. For each class,
the observer wrote one set of observational field notes for the class that included all four to
six focal students.

Semi-structured photo-elicitation interviews with each focal student were conducted
after the last field observation of the Community Partner share-outs. The interviews
were conducted in person at the focal student’s school, were audio recorded, and lasted
approximately 30 min. Interviews followed a semi-structured protocol that aimed to capture
(1) the overall narrative from students about their experiences with the project, (2) the
impact and reflections of CCS program design features/activities with photo prompts taken
during field day observations, and (3) evidence of learning and the development of ESA
with respect to participation and the design features.

3.3. Data Analysis Methods

We analyzed the observational field notes and post-program semi-structured inter-
views from fourteen focal students (ages 9-10). Our qualitative analysis of field notes and
interviews followed the Miles et al. (2014) two-cycle analysis method-applying codes for
the first cycle and identifying patterns for the second cycle. We first imported all the data
into Dedoose 9.0.107 (a qualitative data analysis software) to prepare the data analysis [53].
Then, we created one dataset for each focal student as one case, which included five field
observational notes and one interview transcript. In the first cycle, we first coded one
dataset from one focal student using the codebook structured under three categories (see
Table 3): (1) focal students” methods of participation in the CCS program, according to the
types identified by [35,40], which include exploring and discovering, identifying, observing,
documenting, and recording; (2) the aspect of environmental science agency identified by
Ballard et al. [5] that focuses on the knowledge, skills, and norms of environmental science.
To ensure validity and reliability, four researchers kept reflection journals to document
individual coding processes, including confusions and questions. We then collaboratively
reflected on the coding process to check the researchers’ biases and discussed the dispari-
ties and similarities in the coding process to establish a shared understanding—the size
of a codable block and the definitions of codes. Then, each coded three to five datasets,
checking intermittently to ensure agreement. Each researcher also kept reflection journals
to document the patterns observed after coding each dataset and then discussed, as a group,
the overall patterns observed.

In the second round of coding, we further identified the patterns to answer the second
research question. We coded the data sets for both “socio-ecological systems” and included
evidence of excerpts that displayed the focal students’ systems thinking ability using an
analytical framework adapted from two prior studies’ work on systems thinking—Danish
et al.’s work [22] and Assarf and Orion’s [25] work described in the Analytical Framework
in Section 2. We examined the co-occurrences in Dedoose between “engaging with complex
socio-ecological systems” and/or “systems thinking,” as well as the 5 types of participation
in CCS activities. We found a rich co-occurrence between systems thinking and the types of
participation but not between SES and participation. To ensure the validity, we triangulated
amongst the observational field notes and interview data for each student to examine how
their whole story of participation may clearly relate to their perspectives; we could see
what each student actually completed and participated in and what they talked about in
their interviews related to their understandings of SES resilience.
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Table 3. Codebook for fieldnotes and interviews analyzing Environmental Science Agency 1—
disciplinary knowledge and scientific knowledge and practice regarding systems thinking and
understandings of socio-ecological systems.

Codes

Definition

Examples

Systems Thinking [22,25]

Identify the components of a system and
processes within the system.

Ace ': “For 2 (whether) the forest is healthy, I think it’s
yes because there is a lot of wildlife that I can hear and
.. .there’s just the right amount of trees. . .. I think the
forest density is good”.

Identify the mechanism (simple or
dynamic) of a system—how different
components of a system interact with
each other to present system
characteristics.

Colby: “... fires can help by making small fires so they
can burn down overgrown [plants], and then [the fire
is] not too big. .. If there’s no room for other things to
grow, it [fire] can help our forest by burning the trees,
the stuff like the plants that we don’t need, and all the
undergrowth. Then..animals can hunt” .

Observe the phenomena as the result of
mechanisms within the system.

Jack: “...if the fire is big, like, really big and destroying
more, like thousands of trees, then we should stop it.
But if it's medium and it’s killing down some dense
areas, then I say we should keep it”.

Understanding of how
Socio-Ecological Systems
relates to Forest Ecology

[24,25,44]

Understanding the cyclical nature of the
socio-ecological system. It involves young

people observing, considering, and acting Chase: “Like, it’s actually like people aren’t allowed to

within intertwined human and natural systems
around them. Instances might include:

Consider how disturbances, such as
human behaviors and management, affect
ecological systems, such as biodiversity,
fire behaviors, etc.

cut down redwood without a whole license without
asking the whole community if they could cut down. At
least one, at least if you like to cut down like one,
without asking, without a license? You're gonna get at
least a $10,000 fine”.

Consider how the ecosystem impacts
human life or the place they (or their
family members/friends) live.

Ella: “helping our forest is . .. our priority. . . If we keep
on helping places around us, our surroundings, we
could get better”.

Consider how human society can choose
to actively intervene and manage to make
the forest healthier.

Carl: “Controlled fires can help with fires happening.
And, um, the dead trees, if you moved some of those
(dead trees) out, that could help not have big fires”.
Finn: “I learned that some forest fires are beneficial and
there are cultural burns that some people do. When they

do that they obviously have a hose nearby in case it gets
out of hand that they need to put it out”.

! Pseudonyms are used for instructors and focal students to protect their identity. > We used italics to indicate
students quotes.

4. Results

Here, we report the ways in which students demonstrated one aspect of environmental
science agency—developing disciplinary knowledge and practices specifically around
systems thinking and understandings of socio-ecological systems—as a result of engaging
in a CCS program collecting forest-monitoring data to inform forest management.

As an overview (see Table 4 for summary), in examining our first sub-research question
(What systems thinking skills and understandings of socio-ecological systems do elemen-
tary school students develop while participating in a forest-monitoring CCS program?), we
adopted the systems thinking and socio-ecological system analytical frameworks as coding
schemes for analysis. We found that all 14 focal students demonstrated some aspects of
systems thinking (ST) skills and 12 of them also demonstrated various levels of under-
standing of socio-ecological systems (SES). In answering the second sub-question (What
types of CCS participation and curricular activities supported elementary school students’
development of their systems thinking and socio-ecological thinking?) after analyzing
the data through the CCS participation framework, we found that the CCS practices of
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identifying and observing were particularly co-occurring with students demonstrating
systems thinking skills and understandings of socio-ecological systems. In the following
sections, we report the details of these findings.

Table 4. Summary of key findings.

Research Questions Key Findings

o All focal students demonstrated some aspects of systems

thinking (ST) skills.
RQ 1: What systems thinking skills and understandings of e  Twelve students (86%) also demonstrated various levels of
socio-ecological systems do elementary school students develop while understanding of socio-ecological systems (SES).
participating in a forest-monitoring CCS program? e  Qualitative analysis revealed a strong link between the

development of systems thinking skills and the
understanding of the socio-ecological systems.

RQ 2: What types of CCS participation might connect to elementary ~ The CCS practices of identifying and observing were
school students’ development of their systems thinking and particularly co-occurring with students demonstrating systems

socio-ecological thinking?

thinking skills and understandings of socio-ecological systems.

4.1. Systems Thinking

In our analysis of the evidence of students demonstrating systems thinking skills
as part of ESA development, we found that all fourteen focal students demonstrated an
understanding of at least one of the several aspects of systems thinking, including various
components and mechanisms that occurred within the ecological system, in this case, the
forest ecosystem, particularly with respect to fire. We identified two themes in the ways
students demonstrated or explained their thinking about systems thinking: (1) what makes
up a healthy forest; (2) fire can be beneficial to support forest health.

4.1.1. The Components of a Healthy Forest Ecosystem

As described above, a driving question of the program was asking students to con-
sider what constitutes a healthy forest in order to provide context and a foundation for
understanding why and how they were collecting forest data. In that context, nine students
discussed what they saw as important components of the system to support a healthy
forest. They listed multiple components that they saw as crucial for a healthy forest and
explained how they fit into the forest ecosystem, including biotic and/or abiotic factors.
For example, when asked “what makes a forest healthy”, Lester explained, “Well, what
makes the forest healthy is. . . it has to be a place that really gets rained on a lot, but not too much. ..
And you have to have an open space for other plants to grow, so they can get as much sunlight and
water as they need. . . And you also need bees, or something to pollinate flowers and other plants”.
In this excerpt, Lester described the specific components they thought were important for a
healthy forest ecosystem and the relationships between them, including pollination.

Another way students explained the components and relationships in a healthy forest
ecosystem focused on the relationship between forest stand density and biodiversity. In
varying ways, they each described that forests with a lower stand density, or number of
trees per unit area, can allow for more biodiversity or those with a higher stand density can
discourage biodiversity. We saw this demonstrated during the fifth forest investigation;
when another student reflected that different spots in the forest had different tree densities,
Zane responded by arguing, “. . .but there was more diversity in Plot 1”. The educator followed
up and asked whether there was a correlation between the tree density and the diversity
of other plants and animals; Zane explained that even though Plot 1 had a lower stand
density, it had higher diversity since lower tree density means more space in the area for
different kinds of trees to grow. Lastly, some students considered invasive species as a
component of the system that has negative consequences for the other parts of the system.
For example, Finn mentioned in the interview that the program “helped me to understand
which plants are invasive and which plants I should look out for. . .. and which plants take up a lot
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more space in there, and sort of invasive to other endangered plants”. In this excerpt, Finn first
identified different types of plants (invasive and endangered), and provided rationale on
the simple relationship between two components.

4.1.2. Fire as an Important Mechanism of Supporting a Healthy Forest Ecosystem

The second and most common way that we saw students express systems thinking
skills was in their explanations of the role of fire in the ecosystem as a driving mechanism
in the system. Overall, nine focal students started developing an understanding that fire as
a disturbance can have a positive effect on the forest ecosystems” health for various reasons,
an important finding in light of the fact that all the students experienced evacuations and
some experienced loss due to wildfires in their area recently. Those students described
the role of fires in increasing biodiversity and reducing competition depending on the size
of the fire. They discussed aspects of the forest stand development driven by fire, such
as regeneration ability, tree mortality, and tree age. While these concepts were generally
learning goals for the Our Forests program, we highlight here that students particularly
made meaning about how characteristics of the fire as a driving mechanism affected other
components of the system.

Several focal students mentioned the relationships between fire and biodiversity,
especially that fire can help reduce invasive species like scotch broom (Cytisus scoparius).
For example, when asked about fire suppression, Finn argued that, since scotch broom is
more flammable than native plants, fire could create space for desirable plants to grow: “I
would tell them that some (fires) are beneficial to get rid of plants . .. as in like some plants, . .. the
numbers are going down because of . . . invasive species such as scotch broom. . . (The) oils in it. . .
It can catch fire very easily. . ..”. Finn further explained that “if we suppress the fire, like I keep
saying. .. there would be a lot of invasive plants that would just take over all the other plants and
then we would only see the invasive species and none of the other species”. In this excerpt, Finn
demonstrates an understanding of how fire as a mechanism in the system can help burn
down flammable invasive species to leave space for desirable (native) plants to grow in
the forest.

One of the most predominant relationships students mentioned was between fire and
tree density. From the observations and interviews, we found that some students described
the interactions simply, such as during the fifth field investigation; when asked in a group
discussion, “How could forest density affect the resources of our forest?”, Zane replied, “since
(there are) more plants, there’s more fire hazard,” and Jason answered, “because there’s a dense
forest, there’s a high fire risk”. Though lacking explanations, both Zane and Jason stated that
high forest density could become a fire hazard. Other students explained more nuanced
systems thinking, for example, in the activity when each student shared their data and
findings about their plot with students from other plots, Chase explained that, “density is
good but density helps fires spread. If the underbrush [is densel, it can spread fire. We don’t know if
density is good or bad. It’s probably both”. In this case, Chase identified that different attributes
of the understory vegetation (their term “underbrush”, a mixture of shrubs and understory
grass) could influence fire behaviors.

Another way in which students expressed systems thinking around fire is their un-
derstanding that wildfire does not have equal impacts on all forests. They shared that the
impact of wildfire depends on the size of the fire. When the interviewer asked what Zane
thought about forest fires, Zane shared, “I know that if it’s too big it would be not really good,
but if you had a small one, you let it go through, it’d stop the big one from happening. Because they
would burn each other out”. These explanations reflect students” understandings of what
factors within the system influence whether or not it can be a destructive disturbance in the
forest ecosystem.

Many focal students also described the fire as a mechanism that influences tree re-
generation ability and forest stand structure. For example, during the interview, Julio
explained that “forest fire is. . .not just a bad thing, it’s actually good because some trees, they
need forest fire, like to drop their acorns and for the acorns to open up. And to clear the brush. And
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it’s not just a destructive thing”. In this case, they saw fire as being important to allow trees
to reproduce. Chase, in another case, made connections between fire behavior and tree
mortality, saying, “If, if it’s (a tree) dead, they are easier to catch on fire, but if it’s alive, if it has a
lot of green in the middle, then that’s probably just like first born, and those green parts have tons of
moisture so they’re super hard to light on fire”. When asked what data Chase would like to
collect to investigate the forest health, they mentioned tree age, because, “. . .if we could tell
the age of them, and how long they could last and how strong they could withstand the fire. If one
was like, about 300 years old, that would be like. . . You can count the rings. . .That tree would be. . .
probably the hardest one, but it could (burn)..”. In these two excerpts, Chase explained in detail
how fire as a driving mechanism can affect the components of the system and, potentially,
its resilience to fire.

4.2. Understanding and/or Engaging with Socio-Ecological Systems

As evidence of the knowledge gained importance for the development of ESA, we
found that twelve out of the fourteen focal students gained a clear understanding of
the ways the human and ecological systems influenced each other in their local forests;
although, the nuance or complexity of the students” articulation of their understanding
varied. Among those who discussed aspects of SES, we identified three key ways that
students explained how human systems impact forest systems and the impacts on humans
of forest wildfires.

The first category we heard students explain was about the interconnectedness be-
tween humans and the forests, including the value and responsibility humans have to
protect the forest. In the interview, Ella described their lived experience to explain this
interconnectedness: “If they’re [fires] really big, then they can cause, like, really bad things
to happen to the earth. ... Recently, there was a fire around where my dad lives, and everybody
had to evacuate. There was police officers by the roads that were blocking them off. So I think
that that was a pretty bad wildfire that happened from too much [forest] density”. Here, Ella
showed her understanding of the role that fire played in mediating between the social and
ecological systems.

The second category of the students” understandings of SES and wildfire focused
on how disturbances from human behaviors and management affect ecological systems.
One aspect of this was to describe the negative impact human behaviors can have on
forest ecosystems. During the third forest investigation that introduced forest history and
data analysis, Zane offered their own lived experiences in a forested landscape as part of
their explanation of why a graph showed tree density changing over a particular time,
saying, “between 2000 and 2020 where there’s a big drop (in the graph of tree density),
it’s because [the local energy company] cutting down trees on power lines. I remember
lots of power outages”. Zane’s comment connected how human actions to support social
systems (in this case, to maintain electrical lines) affected the ecological system (in this case,
tree density). Furthermore, they situated themselves and their personal experiences within
that system—Iliving in a rural, forested region, there are many planned power outages to
mitigate wildfire risk. Zane saw individual human behaviors as impacting the system.

The other aspect of the second category is about how human society can choose to
actively intervene and manage to make the forest healthier. In several cases, students suggested
management actions that their community partners and the community can take to make
the forest healthier (and presumably more resilient to fire). For example, many focal
students suggested prescribed fire/controlled burns or cultural burns (indigenous practice
of the “purposeful use of fire by a cultural group (e.g., family unit, Tribe, clan/moiety,
society for a variety of purposes and outcomes” [54] (p. 2)) to promote forest health. In the
last field investigation, Julio recommended controlled burns for their forest site because
.. .plants need fire. It’s efficient and plants need fire. It takes care of the leaf litter”. Similarly, when
asked about the role fire plays in the forest that people should know about, Emma referred
to cultural burning as a recommendation: “Cultural burning would help open up the forest
more so we could plant new trees and help them grow”. Alternatively, Graham recommended
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their community and the community partner to clear out the dead trees manually to reduce
fire hazards: “Yes. About forest fires, they need to chop down a lot of dead trees or this forest could
go down with a big fire”. Everlee referred to the tree density data they collected in the fourth
field investigation and articulated their thoughts on the forest management approach: “My
thought was (our plot was) super dense, and then some of the other plots had almost no trees. So . ..
we could ve thinned that out maybe a little bit because there was one giant fallen tree there, too. So
then we could’ve planted more in the other plots”. In these examples, focal students not only
demonstrated their understanding of the interaction between biotic and abiotic resources,
forest growth, and fire but they connected these immediately with how local human forest
management can take actions to positively influence the system to be more resilient or
healthy, as they understood it.

4.3. The Connection between ST and SES

We also examined the relationship between students” demonstrated systems thinking
skills and their understandings of social-ecological systems; we then examined the relation-
ship between the two in order to completely answer our first research question. We found
that thirteen out of fourteen focal students demonstrated both SES and systems thinking
skills, by comparing student comments and observed behaviors, and found some exciting
ways students connected the two.

After comparing excerpts from ST and SES, we found four out of thirteen students, who
demonstrated both ST and SES, started developing fairly nuanced ways of connecting the
two and made sophisticated suggestions and trade-offs for managing forested ecosystems.
When discussing the data we coded as both systems thinking and SES, focal students
discussed the dynamic relationship between social and ecological systems (how human
and ecological systems can influence or support each other) and several students also
considered the tensions and costs or trade-offs within some decisions or actions within the
SES. This type of consideration was regarded as the most sophisticated type of systems
thinking within the socio-ecological context [24]. We see this specifically reflected in several
of the facts presented by the majority of focal students, who recommended the use of
controlled burns (prescribed fire) or cultural burns to thin out the forest and mitigate
catastrophic wildfires and who further described some potential tensions or trade-offs. For
example, while Chase suggested that the controlled burn method was beneficial to promote
forest health and should be adopted, they also shared that the trade-off of a controlled burn
in the forest is air pollution, saying, “The thing is that it leaves a ton of ashes on the ground
which could also lead to ash being in the air if it blows around”. He then took a step further and
connected how air pollution could affect human health: “if the ash got in there [local river], it
would just make it if you accidentally sucked in even a little water, you would probably have to go
to the hospital to get all that out”. In this excerpt, Chase brought in how the human health
system might be affected by the ashes produced by the controlled burns. At that moment,
Chase critically evaluated the potential costs of using controlled burns to human health,
which not only showed their understanding of the interconnectedness of the two systems
but also the trade-offs of the forest management approach. In another case, when asked
about whether they learned anything about forest fires, Colby responded, “Oh yeah, like
forest fires and controlled fires and cultural burns”; explaining further, the researcher prompted
Colby to elaborate and Colby said, “...That forest fires can help, make small fires so they can
burn down. . .the, uh, so then, overgrown. . . and like, and then, so, it’s not too big. And then like,
there’s no room for other things to grow”. Though students did not use the term resilience,
their responses described how controlled fires could be disruptions that establish resilience
in the socio-ecological system but also have trade-offs.

4.4. Participation in Community and Citizen Science Links to Systems Thinking and
Understanding Socio-Ecological Systems

To answer our second research question, we analyzed the co-occurrence of the five
types of participation in the CCS activities (see Table 3) focal students were engaged
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in when they were also demonstrating systems thinking skills and/or understandings
of socio-ecological systems across all fourteen focal students” individual datasets. We
found that while not all students engaged in all the CCS activities, nine students engaged in
documenting the data, six students participated in recording data, and two students showed
evidence of exploring; nearly all students engaged in observing (n = 13) and identifying
(n = 13) and these were two main ways students participated in the CCS activities while
also demonstrating either ST and/or SES.

4.4.1. Participation in Community and Citizen Science and Systems Thinking Skills

We found that when students engaged in making explicit and detailed observations
about the forest, this elicited conversations around the different components of the system
and how they interacted. For example, when Lester discussed how animals and insects
were an integral part of a healthy forest ecosystem (see Section 4.1.1), they also described
(when prompted) how they used those components to evaluate the forest they observed,
stating, “there were some parts that were really cramped, and some parts that were a good open
space”, and provided observational evidence of insects, stating, “We did see that some animals
were moving in. . .. I'm not sure if it was a bunch of bees or a bunch of wasps we saw, it might be
bees”. In this case, Lester used observational evidence and the components of a healthy
forest to evaluate their local forest system.

In one case, we also saw the ways in which making careful observations about the
forests not only facilitated students” thinking about their own local forest ecosystem but
also comparisons with other forests and management actions that might impact their forest.
Ella shared that “...we saw in plot 3, that we were seeing diseases. I'm pretty sure it was the
Cedar, it get dark like you got struck in lightning, when it doesn’t have enough space . . .it needs
because the water is being taken by the other trees also, so . .. it’s not getting enough water”. Then,
Ella shared their management suggestion: “I would love to grow some trees in the less dense
areas, because that could help nutrition for the forest”. Instead of stopping here, they continued
with what phenomena they observed in their trip to Maui to back up her suggestion: “I
went to Maui recently, and I saw the 100-year-old mango tree and I thought, wow, that must have
had a lot of fertilizer and stuff like that. But I realized there are a lot of other plants around it, and I
kind of wondered, how come it’s so dense if it lasted 100 years? That made me really wonder”. In
this case, Ella drew on their observations during the Our Forests program and their lived
experience on their Maui trip and added this new information to their own conceptual
model of the forest.

We also found that when focal students learned to identify forest plant species, giving
names to what they observed, they were then able to connect and articulate how the pieces
of the system fit together. Julio, for example, identified how the bark beetle can infect
trees and impact forest health: “The bark beetles, if there is a drought they would infect that tree,
and then the tree next to it, and then that tree, and that tree”. Julio discussed the importance
of monitoring the forest to make the forest healthy, sharing that, “we were taking data on
the trees and about thinning. Well, for our plot, mostly thinning, the space on the ground and
the width of the trees,” and explaining that this monitoring can support the forest health
because they were evaluating the conditions that could cause disease: “we had these little
black fungus mold on the Cedar trees and somebody said that that was because the Cedar trees, they
didn’t have enough sunlight and they were too grouped together. ” In both cases, identifying the
species—bark beetles and black fungus mold on Cedars—allowed them to discuss how
those observations helped them evaluate how healthy their forest was, either in drought
conditions or when impacted by high stand density, respectively.

4.4.2. Participation in Community and Citizen Science and Understandings of
Socio-Ecological Systems

Based on our analysis of the complete data set for each focal student, we found that,
of those who expressed understandings of SES, as described above, thirteen out of fourteen
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of them referred to experiences during the program when discussing SES that we traced to
their participation in identifying and observing CCS activities.

Students used more reasoning practices that were indirectly linked to those concrete
experiences. In Chase’s interview, they rationalized how underbrush (a term Chase created
to refer to both brush and understory) was a fire hazard and suggested clearing them out to
reduce the probability of a big fire: “My thinking is: the density could also be causing more fire
because the more denser places the more fire there is, and the underbrush, we might need to clear that
out. Because the underbrush can easily catch on fire and just start a whole huge forest fire like the
one that we had like a couple years ago. It was super big”. In the fourth field investigation, we
observed how Chase and the other students in their group actively engaged in collecting
understory abundance and diversity data. In the investigation, Chase and their partner,
Colby, used a quadrat (1 m x 1 m size) plot and flags to observe and identify the types
and amounts of understory plants. Chase, in particular, constantly observed and identified
new understory plants in the quadrat and, then, double-checked their data for accuracy.
These observations then supported them to reason through the density of the understory
plants they observed and identified at their forest site to the management recommendation
they suggested in the post-program interview. In another example, Everlee (in Section 4.2)
referred to the tree density data in the interview and suggested thinning out the forested
plot and increasing tree density in other plots. When we triangulated Everlee’s interview
with the observational data, we found how Everlee not only actively engaged in identifying
and recording the matured tree density data but also had an in-depth understanding of
the protocol. To collect the mature tree density data, Everlee and their partner had to first
identify trees that were over 4.5 ft tall; then, they had to use a Biltmore stick to estimate
the tree trunk diameter and Everlee became adept at judging whether the tree “counted”
or not.

5. Discussion

In this study, we investigated what science learning happened when fourth-grade
students collected forest data to inform wildfire management as a locally relevant socio-
ecological issue. Our findings indicate that engaging students in a CCS program has the
potential to foster specific aspects of environmental science agency—their systems thinking
skills and understandings of socio-ecological systems and how systems thinking and SES
resilience might emerge as a mediating factor or outcome. We also found that specific CCS
activities, identifying and observing, might cultivate students’ systems thinking skills and
support their understanding of socio-ecological systems.

In answer to our first research question, we found evidence that using a participatory
or CCS approach can cultivate both a variety of systems thinking skills to understand
the forest ecosystems [25] and the understanding of socio-ecological systems [10,31] for
elementary school students. While we focused on knowledge and skills, we argue alongside
Walker and Salt [12] that it is important to engage the stakeholders, including youth, to
actively generate new knowledge to be able to enact change. In this way, developing
disciplinary knowledge and skills, such as systems thinking and understandings of SES,
may be building blocks or precursors to fully developing environmental science agency
and moving towards more agentic actions. We also suggest that, just as Ballard et al. [5]
found, engaging with complex socio-ecological systems is a key practice to support ESA
development through CCS participation and we see the CCS activities as opportunities
for students to act responsibly using systems thinking skills and deeper understandings
of their own socio-ecological systems, to be more motivated to inform natural resources
management and cultivate stewardship towards more resilient systems. We saw this in the
discussions from several focal students who engaged in more sophisticated SES resilience
thinking by considering the trade-offs and costs of different forest management approaches,
which went beyond rote memory of the fixed knowledge created by scientists and other
authority figures and positioned themselves as the stakeholders of the forest management.
Instead of treating elementary school students as learners who were taught about the
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pre-determined knowledge generated by scientists, this program was able to position
students as knowledge co-creators who have the capacity to rationalize, think critically
about the information, and serve as active stakeholders capable of making management
decisions [10,31].

In answer to our second question, our findings suggested that participation methods,
such as identifying and observing, may be particularly important ways to support students’
learning through CCS participation. Our findings showed how identifying and observing
as two predominant participation methods can foster aspects of students’ environmental
science agency, in this case, their scientific skills, such as systems thinking skills, and
disciplinary knowledge, such as understandings of socio-ecological systems resilience. This
finding demonstrates that these two ways of participation provide concrete and direct
experiences to students with the forest ecosystems. It also aligns with Lorke et al.’s [35]
and Ghadiri Khanaposhtani et al.’s [40] finding from Natural-History-Museum-led CCS
projects that observing and identifying are often predominant or important ways that
young people participate in short-term BioBlitz and long-term monitoring CCS programs
(respectively). These practices of observing and identifying may provide foundations for
other types of participation for students in our study, as Lorke et al. [35] found. Furthermore,
our findings that link observing and identifying with SES understandings align with
Assaraf and Orion’s [25] argument that hands-on or outdoor learning environments can
provide sensory experiences to contextualize phenomena, which can help develop students’
systems thinking skills and then serve as the building block to understanding larger SES.
Importantly, the Our Forests program provided additional context and content to students
about forest management, such as prescribed burning, that were complementary to the
CCS practices of data collection students engaged, such that, of course those practices are
not the only sources of influence on students” SES understanding.

Given our evidence, we suggest that systems thinking skills might serve as a building
block to understanding the interactive and dynamic relationship between social and eco-
logical systems for elementary students. We suggest that there is potential to build upon
students’ systems thinking skills that support their understanding of the ecological system
and to also move towards understanding the interactions within the larger socio-ecological
system [22,24,25]. In the cases we presented, there was a very fine line between performing
systems thinking skills and understanding SES. Fire and fire management seem to serve
as the mediator to understanding the interaction between social and ecological systems.
This suggests a parallel argument to Assaraf and Orion’s [25], where they claimed that
systems thinking in the hydro-cycle context provided the first step to help elementary
school students understand the system on a larger scale, including the role of human
beings, or, in another term, the socio-ecological systems interaction. More importantly, we
were excited to see students start identifying themselves as stakeholders within the SES
by sharing how forest systems (e.g., wildfires) and management approaches (e.g., planned
power outages) were things they personally experienced.

We are aware of two potential limitations of this study. First, our result might be
confounding factors, such as students’ prior-existing knowledge and skills. Our research
method design did not include pre-program interview data, which might have provided
evidence about focal students’ pre-existing skills and knowledge. This may have con-
founded our claims about the influence of the forest-monitoring CCS program on student
learning; although, we rely on students’ direct comments about how aspects of the pro-
gram influenced their thinking when we can. Second, we might have limited power to
argue what other factors in the program might support the development of the systems
thinking skills and understandings of SES. Even though we examined the data from both
the field observations and the transcript data, we were not able to observe the entirety of
the students’ participation in the program and heavily relied on the students’ recall.
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6. Conclusions

In conclusion, we argue that the contribution of this study is threefold. First, this
study showed the empirical results of engaging students in community and citizen science
programs that are participatory and locally relevant and how supporting the understanding
of interconnectedness [30,31] can support science learning outcomes, such as an aspect of
environmental science agency development-system thinking skills and understandings of
SES, which can be building blocks to empower students to inform resource management
decisions and cultivate stewardship towards achieving sustainable development goals.
Second, our findings support that this CCS approach has the potential to educate students to
make changes in their attitude, knowledge, and actions to achieve the goal of ‘sustainable
development’, combating climate change, rather than simply about ‘sustainability” as
knowledge to learn [10,31]. Third, this study also calls out the importance of empowering
learners. Our study showed that, if we aim to foster SES resilience and consider young
people as stakeholders in managing resources to deal with change and achieve sustainable
goals [10,11], we might need to also rely on the power of engaging students in hands-on
participatory monitoring [55] and knowledge production activities [38] to allow students,
along with communities and scientists, to generate new understandings of the socio-
ecological systems to better manage the resources [12].

Author Contributions: Conceptualization, S.Y., H.L.B. and S.H.; Data curation, E.B., M.G.K. and
A.L.; Methodology, H.L.B., E.B., S.H., EFP. and A.L.; Formal analysis, S.Y., ALR.,]JM.M. and E.R.S;
Writing—original draft preparation, S.Y., A.LLR. and H.L.B.; Writing—review and editing, S.Y., ALR,,
H.L.B,, E.B,, M.G K, S.H. and E.EP; Visualization, S.Y. and A.LLR.; Supervision, S.Y. and H.L.B.; Project
administration, S.Y., H.L.B. and E.B.; Funding acquisition, H.L.B. and S.H. All authors have read and
agreed to the published version of the manuscript.

Funding: This research is funded by a grant from the U.S. National Science Foundation, #1908915.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of the University
of California, Davis (protocol code 1503379-4 and approved on 04/06/2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.
Data Availability Statement: Data are unavailable due to privacy and ethical restrictions.

Acknowledgments: We would also like to thank our instructors who implemented the curriculum,
including Elise Shea and Sam Bell.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Marco, R. Education for Sustainable Development Goals: Learning Objectives; UNESCO Publishing: Paris, France, 2017.

2. Boca, G Saragly, S. Environmental Education and Student’s perception, for Sustainability. Sustainability 2019, 11, 1553. [CrossRef]

3.  Apollo, A.; Mbah, ML.E. Challenges and Opportunities for Climate Change Education (CCE) in East Africa: A Critical Review.
Climate 2021, 9, 93. [CrossRef]

4.  Berkes, F; Colding, J.; Folke, C. Navigating Social-Ecological Systems: Building Resilience for Complexity and Change; Cambridge
University Press: Cambridge, UK, 2008.

5. Ballard, H.L.; Dixon, C.G.H.; Harris, E.M. Youth-focused citizen science: Examining the role of environmental science learning
and agency for conservation. Biol. Conserv. 2017, 208, 65-75. [CrossRef]

6. O’'Neill, S.; Nicholson-Cole, S. ‘Fear Won't Do It": Promoting Positive Engagement with Climate Change through Visual and
Iconic Representations. Sci. Commun. 2009, 30, 355-379. [CrossRef]

7. Sauermann, H.; Vohland, K.; Antoniou, V.; Balazs, B.; Gobel, C.; Karatzas, K.; Mooney, P; Perell9, J.; Ponti, M.; Samson, R.; et al.
Citizen science and sustainability transitions. Res. Policy 2020, 49, 103978. [CrossRef]

8.  Cote, M.; Nightingale, A.]. Resilience thinking meets social theory: Situating social change in socio-ecological systems (SES)
research. Prog. Hum. Geogr. 2012, 36, 475-489. [CrossRef]

9.  Talubo, ]J.P,; Morse, S.; Saroj, D. Whose resilience matters? A socio-ecological systems approach to defining and assessing disaster
resilience for small islands. Environ. Chall. 2022, 7, 100511. [CrossRef]

10. Krasny, M.E.; Lundholm, C.; Plummer, R. Resilience in social-ecological systems: The roles of learning and education. Environ.

Educ. Res. 2010, 16, 463-474. [CrossRef]


https://doi.org/10.3390/su11061553
https://doi.org/10.3390/cli9060093
https://doi.org/10.1016/j.biocon.2016.05.024
https://doi.org/10.1177/1075547008329201
https://doi.org/10.1016/j.respol.2020.103978
https://doi.org/10.1177/0309132511425708
https://doi.org/10.1016/j.envc.2022.100511
https://doi.org/10.1080/13504622.2010.505416

Sustainability 2023, 15, 16832 18 of 19

11.

12.

13.

14.

15.

16.

17.
18.

19.
20.
21.
22.
23.
24.

25.
26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.
38.

39.

40.

41.

Folke, C.; Carpenter, S.; Elmqvist, T.; Gunderson, L.; Holling, C.S.; Walker, B. Resilience and Sustainable Development: Building
Adaptive Capacity in a World of Transformations. AMBIO ]J. Hum. Environ. 2002, 31, 437-440. [CrossRef]

Walker, B.; Salt, D. Resilience Thinking: Sustaining Ecosystems and People in a Changing World; Island Press: Washington, DC, USA,
2012.

Bhandari, B.B.; Abe, O. Environmental Education in the Asia-Pacific Region: Some Problems and Prospects. Int. Rev. Environ.
Strateg. 2000, 1, 57-77.

Cooper, C.B.; Hawn, C.L.; Larson, L.R.; Parrish, ].K.; Bowser, G.; Cavalier, D.; Dunn, R.R.; Haklay, M.; Gupta, K.K.; Jelks, N.O.
Inclusion in citizen science: The conundrum of rebranding. Science 2021, 372, 1386-1388. [CrossRef]

Kollmuss, A.; Agyeman, J. Mind the Gap: Why do people act environmentally and what are the barriers to pro-environmental
behavior? Environ. Educ. Res. 2002, 8, 239-260. [CrossRef]

Carmi, N.; Arnon, S.; Orion, N. Transforming Environmental Knowledge Into Behavior: The Mediating Role of Environmental
Emotions. J. Environ. Educ. 2015, 46, 183-201. [CrossRef]

Pihkala, P. Eco-Anxiety and Environmental Education. Sustainability 2020, 12, 10149. [CrossRef]

Berkes, F.; Turner, N.J. Knowledge, Learning and the Evolution of Conservation Practice for Social-Ecological System Resilience.
Hum. Ecol. 2006, 34, 479-494. [CrossRef]

Aarts, N.; Drenthen, M. Socio-Ecological Interactions and Sustainable Development—Introduction to a Special Issue. Sustainability
2020, 12, 6967. [CrossRef]

Costanza, R. A theory of socio-ecological system change. J. Bioecon. 2014, 16, 39-44. [CrossRef]

Barton, A.C.; Tan, E. We Be Burnin’! Agency, Identity, and Science Learning. . Learn. Sci. 2010, 19, 187-229. [CrossRef]

Danish, J.; Saleh, A.; Andrade, A.; Bryan, B. Observing complex systems thinking in the zone of proximal development. Instr. Sci.
2017, 45, 5-24. [CrossRef]

Wei, C.A.; Burnside, W.R.; Che-Castaldo, J.P. Teaching socio-environmental synthesis with the case studies approach. J. Environ.
Stud. Sci. 2015, 5, 42-49. [CrossRef]

Gray, S.; Sterling, E.J.; Aminpour, P; Goralnik, L.; Singer, A.; Wei, C.; Akabas, S.; Jordan, R.C.; Giabbanelli, PJ.; Hodbod, J.; et al.
Assessing (Social-Ecological) Systems Thinking by Evaluating Cognitive Maps. Sustainability 2019, 11, 5753. [CrossRef]
Assaraf, O.B.-Z.; Orion, N. System thinking skills at the elementary school level. J. Res. Sci. Teach. 2010, 47, 540-563. [CrossRef]
Hmelo-Silver, C.E.; Marathe, S.; Liu, L. Fish Swim, Rocks Sit, and Lungs Breathe: Expert-Novice Understanding of Complex
Systems. |. Learn. Sci. 2007, 16, 307-331. [CrossRef]

Yoon, S.; Goh, S.-E.; Yang, Z. Toward a Learning Progression of Complex Systems Understanding. Complicity Int. ]. Complex. Educ.
2019, 16, 19. [CrossRef]

Jin, H.; Anderson, C.W. A learning progression for energy in socio-ecological systems. J. Res. Sci. Teach. 2012, 49, 1149-1180.
[CrossRef]

Gunckel, K.L.; Covitt, B.A.; Salinas, I.; Anderson, C.W. A learning progression for water in socio-ecological systems. J. Res. Sci.
Teach. 2012, 49, 843-868. [CrossRef]

Allen, L.B.; Crowley, K. Moving beyond scientific knowledge: Leveraging participation, relevance, and interconnectedness for
climate education. Int. J. Glob. Warm. 2017, 12, 299-312. [CrossRef]

Krasny, M.E,; Tidball, K.G.; Sriskandarajah, N. Education and Resilience: Social and Situated Learning among University and
Secondary Students. Ecol. Soc. 2009, 14, art38. [CrossRef]

Fan, E; Chen, S.-L. Citizen, Science, and Citizen Science. East Asian Sci. Technol. Soc. Int. ]. 2019, 13, 181-193. [CrossRef]

Songer, N.B.; Kali, Y. Chapter 24: Science Education and the Learning Sciences: A coevolutionary connection. In The Cambridge
Handbook of the Learning Sciences, 3rd ed.; Cambridge University Press: Cambridge, UK, 2022; pp. 486-503.

Roche, J.; Bell, L.; Galvao, C.; Golumbic, Y.N.; Kloetzer, L.; Knoben, N.; Laakso, M.; Lorke, J.; Mannion, G.; Massetti, L.; et al.
Citizen Science, Education, and Learning: Challenges and Opportunities. Front. Sociol. 2020, 5, 613814. [CrossRef] [PubMed]
Lorke, J.; Ballard, H.L.; Miller, A.E.; Swanson, R.D.; Pratt-Taweh, S.; Jennewein, ].N.; Higgins, L.; Johnson, R.E; Young, A.N;
Khanaposhtani, M.G.; et al. Step by step towards citizen science—Deconstructing youth participation in BioBlitzes. ]. Sci.
Commun. 2021, 20, A03. [CrossRef] [PubMed]

de Sherbinin, A.; Bowser, A.; Chuang, T.R.; Cooper, C.; Danielsen, F; Edmunds, R.; Elias, P.; Faustman, E.; Hultquist, C.;
Mondardini, R.; et al. The Critical Importance of Citizen Science Data. Front. Clim. 2021, 3, 650760. [CrossRef]

Silvertown, ]J. A new dawn for citizen science. Trends Ecol. Evol. 2009, 24, 467-471. [CrossRef] [PubMed]

Bonney, R.; Cooper, C.B.; Dickinson, J.; Kelling, S.; Phillips, T.; Rosenberg, K.V.; Shirk, J. Citizen Science: A Developing Tool for
Expanding Science Knowledge and Scientific Literacy. BioScience 2009, 59, 977-984. [CrossRef]

Liisse, M.; Brockhage, F.; Beeken, M.; Pietzner, V. Citizen science and its potential for science education. Int. J. Sci. Educ. 2022, 44,
1120-1142. [CrossRef]

Ghadiri Khanaposhtani, M.; Ballard, H.L.; Lorke, J.; Miller, A.E.; Pratt-Taweh, S.; Jennewein, J.; Robinson, L.D.; Higgins, L.;
Johnson, R.F; Young, A.N.; et al. Examining youth participation in ongoing community and citizen science programs in 3
different out-of-school settings. Environ. Educ. Res. 2022, 28, 1730-1754. [CrossRef]

Chen, D.; Garmulewicz, A.; Merner, C.; Elphinstone, C.; Leggott, C.; Dewar, H. Encouraging youth engagement in marine
protected areas: A survey of best practices in Canada. Aquat. Conserv. Mar. Freshw. Ecosyst. 2019, 29, 223-232. [CrossRef]


https://doi.org/10.1579/0044-7447-31.5.437
https://doi.org/10.1126/science.abi6487
https://doi.org/10.1080/13504620220145401
https://doi.org/10.1080/00958964.2015.1028517
https://doi.org/10.3390/su122310149
https://doi.org/10.1007/s10745-006-9008-2
https://doi.org/10.3390/su12176967
https://doi.org/10.1007/s10818-013-9165-5
https://doi.org/10.1080/10508400903530044
https://doi.org/10.1007/s11251-016-9391-z
https://doi.org/10.1007/s13412-014-0204-x
https://doi.org/10.3390/su11205753
https://doi.org/10.1002/tea.20351
https://doi.org/10.1080/10508400701413401
https://doi.org/10.29173/cmplct29340
https://doi.org/10.1002/tea.21051
https://doi.org/10.1002/tea.21024
https://doi.org/10.1504/IJGW.2017.084781
https://doi.org/10.5751/ES-03032-140238
https://doi.org/10.1215/18752160-7542643
https://doi.org/10.3389/fsoc.2020.613814
https://www.ncbi.nlm.nih.gov/pubmed/33869532
https://doi.org/10.22323/2.20040203
https://www.ncbi.nlm.nih.gov/pubmed/35795087
https://doi.org/10.3389/fclim.2021.650760
https://doi.org/10.1016/j.tree.2009.03.017
https://www.ncbi.nlm.nih.gov/pubmed/19586682
https://doi.org/10.1525/bio.2009.59.11.9
https://doi.org/10.1080/09500693.2022.2067365
https://doi.org/10.1080/13504622.2022.2078480
https://doi.org/10.1002/aqc.3094

Sustainability 2023, 15, 16832 19 of 19

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

Harris, E.M,; Ballard, H.L. Examining student environmental science agency across school science contexts. J. Res. Sci. Teach. 2021,
58,906-934. [CrossRef]

Pitt, A.N.; Schultz, C.A. Youth-Based Citizen Science Monitoring: Case Studies from Three National Forests. |. For. 2018, 116,
109-116. [CrossRef]

Schusler, T.M.; Krasny, M.E. Environmental Action as Context for Youth Development. . Environ. Educ. 2010, 41, 208-223.
[CrossRef]

Clement, S.; Spellman, K.; Oxtoby, L.; Kealy, K.; Bodony, K.; Sparrow, E.; Arp, C. Redistributing Power in Community and Citizen
Science: Effects on Youth Science Self-Efficacy and Interest. Sustainability 2023, 15, 8876. [CrossRef]

Basu, S.J.; Barton, A.C. Developing a sustained interest in science among urban minority youth. J. Res. Sci. Teach. 2007, 44,
466-489. [CrossRef]

Basu, S.J.; Barton, A.C.; Clairmont, N.; Locke, D. Developing a framework for critical science agency through case study in a
conceptual physics context. Cult. Stud. Sci. Educ. 2009, 4, 345-371. [CrossRef]

York, S.; Lavi, R.; Dori, Y.J.; Orgill, M. Applications of Systems Thinking in STEM Education. . Chem. Educ. 2019, 96, 2742-2751.
[CrossRef]

Isaac, N.J.B.; Pocock, M.J.O. Bias and information in biological records. Biol. J. Linn. Soc. 2015, 115, 522-531. [CrossRef]

Minor, J.; Boyce, G.A. Smokey Bear and the pyropolitics of United States forest governance. Polit. Geogr. 2018, 62, 79-93.
[CrossRef]

Bird, E.B.; Ballard, H.L.; Harte, M. Data to decision-making: How elementary students use their Community and Citizen Science
project to reimagine their school campus. Instr. Sci. 2023, 51, 763-791. [CrossRef]

Creswell, ].W.; Creswell, ].D. Research Design: Qualitative, Quantitative, and Mixed Methods Approaches; SAGE Publications: New
York, NY, USA, 2017.

Dedoose Version 9.0.17. Cloud Application for Managing, Analyzing, and Presenting Qualitative and Mixed Method Research Data;
SocioCultural Research Consultants, LLC: Los Angeles, CA, USA, 2021; Available online: https://www.dedoose.com/ (accessed
on 18 June 2023).

Long, J.W.; Lake, FK.; Goode, R.W. The importance of Indigenous cultural burning in forested regions of the Pacific West, USA.
For. Ecol. Manag. 2021, 500, 119597. [CrossRef]

Churchill, D.J.; Larson, A.J.; Dahlgreen, M.C.; Franklin, J.F,; Hessburg, P.F; Lutz, J.A. Restoring forest resilience: From reference
spatial patterns to silvicultural prescriptions and monitoring. For. Ecol. Manag. 2013, 291, 442-457. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/tea.21685
https://doi.org/10.1093/jofore/fvx008
https://doi.org/10.1080/00958960903479803
https://doi.org/10.3390/su15118876
https://doi.org/10.1002/tea.20143
https://doi.org/10.1007/s11422-008-9135-8
https://doi.org/10.1021/acs.jchemed.9b00261
https://doi.org/10.1111/bij.12532
https://doi.org/10.1016/j.polgeo.2017.10.005
https://doi.org/10.1007/s11251-022-09612-6
https://www.dedoose.com/
https://doi.org/10.1016/j.foreco.2021.119597
https://doi.org/10.1016/j.foreco.2012.11.007

	Introduction 
	Sustainability, SES Resilience, Systems Thinking, and Education 
	Engage Students in Community and Citizen Science as a Participatory Approach to Achieve Sustainable Development Goals 
	Research Problem and Aims 

	Analytical Framework 
	Systems Thinking 
	Understandings of Socio-Ecological Systems 
	Ways to Participate in the Community and Citizen Science Programs 

	Materials and Methods 
	Program Context/Description 
	Participants and Data Collection Methods 
	Data Analysis Methods 

	Results 
	Systems Thinking 
	The Components of a Healthy Forest Ecosystem 
	Fire as an Important Mechanism of Supporting a Healthy Forest Ecosystem 

	Understanding and/or Engaging with Socio-Ecological Systems 
	The Connection between ST and SES 
	Participation in Community and Citizen Science Links to Systems Thinking and Understanding Socio-Ecological Systems 
	Participation in Community and Citizen Science and Systems Thinking Skills 
	Participation in Community and Citizen Science and Understandings of Socio-Ecological Systems 


	Discussion 
	Conclusions 
	References

