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ABSTRACT 
Researchers and educators have been exploring systems thinking (ST) in chemistry education to better equip 

citizens for 21st century challenges; however, little is known about students’ perspectives and experiences. In this study, we 10 

investigated students’ perspectives of ST and their experiences with ST activities. We designed and implemented a ST 
intervention, performed individually and collaboratively, as well as follow up interviews. Twenty-four undergraduate and 
graduate students participated in this study and reported a variety of experiences and perspectives. For students’ 
experiences, we found that: (1) while collaborating, participants recognized and appreciated different perspectives, (2) 
participants included chemistry concepts and connections in their system maps despite having difficulties, (3) system maps 15 

emphasized problems/solutions and causes/effects and differed in terms of organization and intended purpose, and (4) 
limitations to system map construction included time, knowledge, and technology skills. Students also expressed positive 
perspectives of a ST approach based on their experience engaging with the ST intervention and believed a ST approach (1) is 
beneficial to learning, (2) captures interest and engagement, (3) allows perspectives to be shared and gained, and (4) 
provides personal, social, and professional relevance. Based on these findings, we suggest aspects to consider when 20 

planning and implementing ST activities and identify future research required to better understand the impacts of ST in 
chemistry education. 
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INTRODUCTION 
Recent efforts have been directed toward understanding educators’ perspectives of systems thinking (ST) in chemistry 

education;1–3 however, students’ perspectives are much less well known. While many ST resources and activities have been 30 

published, the extent of understanding student perspectives has been limited to receiving feedback of their experience.4–6 
Motivation and engagement in learning has been shown to play a role in academic outcomes therefore, students’ 
experiences (doing ST) and perspectives (thinking about ST) need to be better understood.7 Gathering evidence of students’ 
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experiences and perspectives with ST can contribute to best practices for implementing ST and its impact for chemistry 
education.  35 

Current limitations in the educational system 
Traditional teaching methods in chemistry typically place emphasis on compartmentalizing fundamental topics to get at 

the depth of chemistry knowledge and often pay less attention to knowledge and skills to make connections to other 
disciplines and global issues (Figure 1).8 For example, a student learning chemistry through traditional approaches may 
learn specific properties related to chemicals but may struggle with identifying and understanding the impact chemistry has 40 

on global contexts and vice versa. ST has been proposed to compliment current teaching approaches to chemistry 
education that could aid in the development and transfer of knowledge and skills especially in introductory chemistry 
courses. Understanding complex challenges, such as those prioritized with the United Nations’ Sustainable Development 
Goals (SDGs),9,10 requires a systems lens. If a student is taught using a ST approach, this student will still learn the 
fundamental chemistry concepts but will develop additional skills such as: asking questions related to how a chemical 45 

concept or process may contribute to a UN SDG or identifying the intended and unintended consequences of the 
chemical.8,11–14  

 

Figure 1. Difference between traditional teaching approaches and systems thinking approaches with supporting knowledge transfer and 
skills in chemistry classrooms. Left side: A student learning through a traditional teaching approach understands specific properties 50 

related to chemicals (e.g., nitrates and hydroxides). Right side: A student learning through a ST approach will identify the impact 
chemicals have on the environment and understand the factors involved.  

Educational systems face challenges of preparing students for jobs that do not yet exist,15 in which skills of 
adaptability, complex thinking, and problem solving are in high demand.16 While universities around the world aim to equip 
chemistry graduates with the competencies and content knowledge required to be successful in their future careers, 55 

students have not fully developed professional skills (e.g., collaboration skills, communication skills, leadership skills, 
learning skills, scientific thinking skills etc.) that are required by employers.17–19 Building the capacity to understand and 
achieve the SDGs and expectations of a 21st century workplace requires evidence-based approaches to postsecondary STEM 
education. 

 The US National Research Council has identified collaboration and ST as skills required for jobs of the 21st century.20,21 60 

Providing opportunities for students to practice these skills and embrace the challenges will set them up for success in their 
future careers. There are distinct advantages that collaborative approaches have over individual problem solving. 
Collaboration allows information to be incorporated from multiple sources of knowledge, perspectives, and experiences, 
and provides opportunity to enhance creativity and quality of solutions stimulated by diverse group members.22,23 

The proposed benefits of ST from other disciplines have propelled interest in implementing ST in chemistry 65 

education.24–28 For consistency, we use the definitions of systems and ST that have been informally proposed by a working 
group of the IUPAC Systems Thinking in Chemistry for Sustainability: Towards 2030 and Beyond Project:29  
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Systems thinking is the ability to understand and interpret complex problems (ref 30, p 655). A system has 
at least three key characteristics: (1) components/parts, (2) interconnections between the components, 
and (3) a purpose [or function] (ref 31, p39). Systems exist at multiple scales, including microscopic, 70 

mesoscopic, and macroscopic, with the boundary conditions for a given system being established typically 
by its observer. A systems thinking perspective views a system as a whole and not just as a collection of 
parts. System thinking comprises both analytical and holistic thinking: identifying and examining system 
components, their organization, causal factors, and system boundaries (analytical), as well as describing 
and interpreting system level behaviors, and interactions of the system with its environment (holistic).32–36 75 

Research suggests that developing ST abilities requires carefully designed instruction with focus on students’ learning 
and applying ST skills.32,37–41 There have been multiple lists of ST skills published in the literature,1–3 including several studies 
in the context of chemistry education.17,32 In our previous study, we used the five characteristics of systems thinking in 
chemistry education (STICE) to identify the baseline ST skills (skills demonstrated without explicit scaffolding) employed by 
undergraduate chemistry students.42 This work helped us to understand what ST skills students do and do not readily 80 

demonstrate, so that educators can be informed on which ST skills to explicit scaffold in their instruction. In this current 
study, we aimed to further understand how to approach ST instruction for chemistry teaching and learning by investigating 
student experiences of and perspectives toward STICE activities¾ highlighting aspects of ST that may be beneficial and 
challenging for students.  

Goals and Research Questions 85 

This study is guided by the following research questions: 
RQ1: What are undergraduate and graduate student experiences constructing system maps during individual and 

collaborative systems thinking tasks? 
RQ2: What are undergraduate and graduate student perspectives of systems thinking tasks in chemistry education? 

We aimed to achieve two goals in this study: (1) understand student experiences of and perspectives toward using 90 

a ST approach in individual and collaborative environments and (2) make explicit connections of our research findings to 
teaching practice. These goals can contribute to achieving long-term goals, such as identifying ways to best implement ST 
(including tools like system maps) into chemistry courses to support the development of ST skills. 

METHODS 

Context and Participants 95 

We conducted this study with undergraduate science and chemistry graduate student participants at the 
University of Ottawa from Fall 2020 to Winter 2021, with ethics approval through the institution's Office of Research Ethics 
and Integrity (#H03-20-5585). We recruited undergraduate science students via course online platforms from any 
undergraduate chemistry course (taught in English only) in the Fall 2020 semester and chemistry graduate students via the 
Department of Chemistry and Biomolecular Sciences’ email listserv. 100 

The study sample for the ST intervention (N = 24) comprised eighteen undergraduate (U) and eight chemistry 
graduate (G) students. All participants had taken or enrolled in at least one university chemistry course and provided 
informed consent. Demographic data can be found in SI S1.1.  

Data collection 
We designed and implemented a ST intervention and interviews, previously described in this Journal,42 to capture 105 

how students engage with three ST tasks related to climate change. We chose climate change as a topic because 
environmental and sustainability issues related to chemistry are authentic entry points to elicit prior knowledge and 
experiences. Authentic entry points refer to the opportunities that participants have to apply their knowledge to a task they 
will be actively involved in. 

The intervention included (1) a pre-activity with cognitive and affective instruments, (2) three ST tasks, and (3) a 110 

post-activity with the same cognitive and affective instruments, a ST question and a demographic survey, all completed in 
one session, and online due to the COVID-19 pandemic (Figure 2). Details of the cognitive and affective instruments are 
provided in SI S1.2. 
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Figure 2. Design of the ST intervention and interviews used for this study. 115 

Three tasks were designed to elicit ST skills, individually and collaboratively. In Task 1, participants individually 
created a visual representation (i.e., system map) on a climate change topic using an online collaborative whiteboard 
platform (Miro). In Task 2, participants engaged with an online interactive visualization tool (Design our Climate 
simulation)43 with time to expand their original system map. In Task 3, participants shared their individual system maps in 
groups of two to three and combined them to form a new system map. The data included: (1) participants’ written 120 

responses to questions on a google form for each task, (2) system maps from both individual and group tasks, and (3) 
participants’ verbal explanations of their individual system maps in their groups, and subsequent discussion.  

To investigate our RQ2 on student perspectives, we collected written responses to a ST question in the post-
activity that asked participants how ST might affect their classmates’ perspectives when engaging with ST tasks in a 
chemistry course. 125 

Student Interviews 
We developed a structured interview protocol based on the research questions and qualitative research methods 

literature (details in SI S4).44,45 Interviews provided an in-depth understanding of how students interacted with each task in 
the intervention and their perspectives and reflections on the ST tasks. We invited all participants in the ST intervention to 
participate in follow-up interviews. 130 

Of the 26 participants, four undergraduate and three graduate students participated in the follow-up interview. 
The interviewer asked students 15 questions that specifically related to the three tasks in the ST intervention (average of 30 
minutes).  

Group task protocol 
When creating the ST intervention, we developed semi-structured group task prompts to elicit specific ST skills 135 

(goals from our previous study) and made these task prompts open-ended to promote conversation among the 
participants. Audio recordings from this group task (Task 3) served as a secondary data source that we used to compare to 
the interview analysis to capture student experiences and perspectives more broadly. Of the participants, 21 participated in 
the collaborative group task (17 undergrad and six graduate), resulting in ten groups (details in SI 1.2). 

Data Analysis 140 

We analyzed the data from the interviews, group task recordings, and post-activity responses using well-
established methods (Figure 3).46,47 

Figure 3. Overview of steps for qualitatively analyzing interview, group task recording, and ST question responses data. 

First, we transcribed the audio files from the interviews and group recordings (Task 3) verbatim and wrote memos 145 

on patterns uncovered from the interview, group task, and post-activity ST question data. Next, we coded this data line-by-
line via open coding to generate initial codes followed by grouping these initial codes to form smaller categories via axial 
coding. The researchers continued comparing the categories and consulted relevant literature to identify broader 
categories. Finally, we synthesized these broader categories similar in nature and derived themes based on the research 
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questions. During data analysis, we created two coding schemes, one for student experience codes (RQ1), and another for 150 

student perspective codes (RQ2). The final coding schemes and a detailed explanation of the data analysis are presented in 
the SI S2 and S1.3, respectively.  

Validity Evidence 
We addressed the validity of our instrument and the findings using well-established methods including content 

validation, response process, triangulation, disconfirming evidence, peer debriefing, and providing a rich description of the 155 

participants' experiences and perspectives and the context of the study, as explained in the SI S1.5.48–50 
Since this analysis aimed to explore and understand the social phenomena of people's experiences and 

perspectives of ST, we focused on maximizing validity and trustworthiness rather than objective reliability, such as inter-
rater reliability. We were not interested in identifying the replicability of the results from our study as our focus was on 
exploring phenomena that had not previously been found. Our work contributes to exploring the unknown about ST, 160 

specifically, student perspectives and what it looks like for students to engage with ST in chemistry education. 

Theoretical Frameworks 
Two overarching constructivist learning frameworks guided our research: (1) modern information processing 

theory (IPT) and (2) sociocultural theory.49 
IPT involves aspects related to the information people attend to, consciously or subconsciously, working memory, 165 

and how they encode and retrieve learned information. Once the information is transferred to the working memory 
encoded, the learner can (1) relate encoded information to knowledge in their memory, (2) store new knowledge in their 
memory, (3) and retrieve the information as needed (Figure 4).42,51 Modern IPT incorporates learners’ characteristics (e.g., 
self-regulation, beliefs, culture, and affect) and the learning environment as these factors greatly influence learning.10,42,52 

 170 

Figure 4. The model of modern information processing theory. 

Researchers predict that educators can harness students’ diverse range of prior knowledge in ST approaches 
beyond just chemistry knowledge.53 Therefore, educators need to consider strategies for effectively activating learners’ 
prior knowledge, including learners’ experiences, beliefs, and non-content factors (e.g., attitude, cognitive expectations, 
motivation, self-concept, self-regulatory strategies, understanding the nature of science).10,42,53 175 

Modern IPT guided our research as it explains how learners would likely use their prior knowledge in a particular 
learning environment (e.g., ST intervention) to determine what components of a topic will be embedded into their systems 
maps.42 Relevant prior knowledge from the learner’s long-term memory impacts how that knowledge is stored and 
organized.54 In this study, students constructed individual system maps based on a topic they chose on climate change, 
which allowed them to retrieve prior knowledge from their long-term memories that could appear interesting, informative, 180 

or culturally relevant to them.53 Each student presented this knowledge as a two-dimensional representation (i.e., system 
map) and created verbal explanations of the knowledge network within each of their minds.55 When new information is 
presented (e.g., from other learners or learning tools), students may perceive this new information, use it in their working 
memory and integrate it within their existing knowledge structures. As this study explored student experiences constructing 
system maps on climate change, we were interested in what information students retrieved from their long-term memories 185 

and how they organized this information when constructing their system maps. Using IPT to interpret these findings can 
lead to implications for teaching and using system maps in a ST activity. More information about how this theory is 
embedded into the three ST tasks of the ST intervention can be found in the SI S1.4. 
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Sociocultural theory explains how the learning environment plays an integral role in cognition.53,56 This theory stresses 
the importance of culture and social interaction in developing and shaping individuals, with an essential application being 190 

peer collaboration.56–58  
Researchers have previously proposed that ST can be used to engage students in social, historical, and cultural 

interactions.53 Since chemistry classrooms are composed of students from diverse backgrounds and experiences, these 
students can share and gain different ideas and perspectives, offering rich opportunities for them to learn from one 
another. If a student achieves a different self-awareness or perspective from engaging in ST activities, their transformed 195 

thinking can be explained by sociocultural theory.53 In the design of this study, we explicitly created a collaborative ST task 
to investigate how student interactions influence the construction of system maps and whether new perspectives are 
shared and gained. Student experiences and perspectives can shed light on the potential for a ST approach to increase 
diversity and inclusion when learning chemistry. 
The following sections describe the key themes uncovered from the analyses. 200 

RESULTS AND DISCUSSION 
RQ1: What are undergraduate and graduate student experiences constructing system maps during individual and 
collaborative systems thinking tasks? 

The 26 participants had varying experiences related to constructing system maps individually and collaboratively. 
Here, we describe these student experiences in more detail based on the themes uncovered.  205 

While collaborating, participants recognized and appreciated different perspectives.  
Most participants described having beneficial experiences when constructing system maps collaboratively, with a 

few challenges. 
Participants recognized and appreciated different perspectives and ideas from group members. Participants 

indicated they gained new perspectives or ideas related to the ST task from their group member(s) because having a group 210 

discussion allowed them to bounce ideas off each other and consider new ideas they did not think of initially. Some 
participants mentioned that the group system map combined all ideas from group members since people have different 
ways of thinking about a topic. These responses typically come from students’ explanations of why they found the group 
system map better than their individual system map. Participants also appreciated sharing perspectives and ideas with 
others because they found thinking about these different perspectives helpful and interesting (Figure 5).  215 

 

Figure 5. Conversation among three undergraduate students in the group task. 
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In the collaborative ST activities, students had the opportunity to share different perspectives that they 
appreciated when connecting chemistry to climate change. These findings demonstrate the potential impact that 
collaborative ST tasks could have on students’ learning and engagement. ST could provide a particular opportunity to invite 220 

and share diverse perspectives, including students’ lived experiences and prior knowledge. These opportunities could allow 
students to connect to chemistry concepts from a wider variety of perspectives which is often not provided when chemistry 
is taught as siloed topics. Students’ reflections in Figure 5 communicate why it is important for educators to embrace 
diversity into the chemistry classroom. Activities that allow students from diverse backgrounds to share their ideas and 
experiences with others can facilitate educational outcomes such as cultural knowledge and awareness, recognizing the 225 

complexity of issues, and learning to work with different kinds of people.59,60 When students with diverse perspectives 
interact, they can bring more complex thoughts and challenge biases that are present in the course content and these 
interactions can support active thinking, cognitive sophistication, and intellectual engagement.61–65 More research is 
needed to investigate if using a ST approach can produce these cognitive and affective outcomes. 

Group system maps allowed students to bring more aspects together and give a more well-rounded view of 230 

their topic. During the interviews, some participants explained that they liked the group system map more than their 
individual one because combining ideas brought certain aspects together to give a more well-rounded view. G4 mentioned 
how their challenges with learning chemistry and biology come from needing explanations in each discipline. When merging 
their system map with their partners, they gained an additional perspective that helped bridge connections between 
biology and chemistry concepts (Figure 6). 235 

 

Figure 6. G4 quote. 

G4’s quote describes the value of bringing together knowledge from multiple disciplines. G4 appreciated being guided 
to think more deeply about the chemistry connections and consider multiple aspects of their topic. Similar findings have 
been shown on students’ perceptions of using system maps to visualize chemistry.66 When engaging in systems mapping 240 

exercises, students valued the opportunity to reflect on multiple aspects of chemical processes.66 These findings suggest 
that a ST approach has the potential to contribute to cognitive learning outcomes, especially when students are given the 
opportunity to explore different perspectives. 

Constructing group system maps was more meaningful than individual maps. Sharing perspectives and ideas with 
others also led to participants creating more meaningful system maps. Some participants thought the group system map 245 

was better because it contained more “meaningful concepts” or created a product that matters (Figure 7). 

 

Figure 7. U3 quote. 

Other participants mentioned that combining system maps in a group provided opportunities to discuss solutions 
to make an impact or allowed them to take away a more significant message about how to make a change to address a 250 

problem (e.g., climate change) (Figure 8). 
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Figure 8. G2 quote. 

The findings indicate that ST collaborative approaches could enhance students’ learning and critical thinking when 
incorporating their group experiences and perspectives into the learning environment compared to individual tasks. 255 

Thinking critically as a group could lead to a product (e.g., system maps) that is more meaningful to students which may 
increase overall engagement with learning chemistry. Providing opportunities for students to engage in discussions with 
individuals who have different perspectives can lead to improved educational outcomes and serve as a catalyst for new 
ideas.61,67–70  

Collaboration helped students elicit systems thinking skills. Participants’ ST skills were also enriched when having the 260 

opportunity to discuss ideas and share perspectives. Collaboration helped participants with the ST skill: identifying 
additional concepts and making connections. Some participants mentioned they would add more concepts to their 
individual system map based on the group task, or they found connections between different ideas or topics more easily in 
the group setting. For example, U12 stated that having the opportunity to discuss ideas in a group allowed them to find 
interconnections between different ideas more easily (Figure 9). 265 

Figure 9. U12 quote. 

Collaboration also helped participants with the ST skill: identifying emergence. To identify emergence, one must 
distinguish a property or behavior that result from interactions between two or more system’s parts, rather than a property 
or behavior from an individual part (isolated from the system).32,42 In this study, the group task helped participants identify 270 

a new topic or purpose for constructing their system map that emerged when considering similarities between their 
individual topics. Identifying a new topic led to some participants identifying a more significant meaning or importance for 
constructing their system map as previously shown (Figure 7). Six of the ten groups constructed their system maps from 
scratch, starting with a new topic from their conversation (Error! Reference source not found.A). The four remaining 
groups decided to copy one or both of their system maps, placed them side by side and tried making connections between 275 

the concepts (Error! Reference source not found.B). One of these groups brought up a topic that emerged from their group 
discussion, but this topic was not the starting point for constructing their system map (SI S3.2). 
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Figure 10. Examples of group system maps. A (left) represents a group system map constructed using a new, emergent topic. B (right) 280 

represents a group system map constructed by placing individual maps side by side and making a connection. 

Participants may be able to identify new or emergent topics through discussions but may not know how to present 
the information in a visual representation. Drawing on IPT, participants may have fragmented or misconnected knowledge 
structures in their long-term memory, their knowledge was not appropriately activated, or their working memories were 
overloaded.56,71,72  285 

Collaborative approaches have been found to provide social, psychological, academic and assessment benefit for 
students’ learning and skill development.73–75 Learning theories support that social and cultural interactions are critical for 
stimulating developmental processes, fostering cognitive growth, and transforming students’ learning experiences.56,57 We 
found collaboration to be beneficial for eliciting ST skills, unsurprisingly.  

Most participants reported positive and beneficial experiences from collaboration; however, one participant 290 

identified a disadvantage of group maps and others described having challenging experiences when constructing system 
maps collaboratively. 

U12 identified that when focusing on the big ideas in their group map, specific concepts can be excluded (U12, 
Figure 11). Group tasks allowed participants to focus on the bigger, overarching ideas related to their topic but at the 
expense of excluding more specific concepts from the group system map. Educators would need to explicitly scaffold and 295 

prompt students to think about finer granularity levels (e.g., molecular) related to the topic of interest.76 
A few participants mentioned that having different ideas and topics as a group made it more challenging to make 

some connections (G1, Figure 11). One participant indicated that considering more perspectives and concepts from their 
partner can be overwhelming (G4, Figure 11). 
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 300 

Figure 11. Examples of group map challenges and disadvantage reported by participants (U12, G1, and G4). 

These student experiences highlight potential challenges that educators should be mindful of when integrating 
collaborative ST tasks in a course. To ease students’ feelings of being overwhelmed, educators can consider how to 
incorporate new ideas and perspectives slowly, providing time for students to digest and sit with this new information. 
Perhaps, asynchronous ST opportunities can be implemented for students to work at their own pace. Educators should 305 

consider ways to include those who are neurodivergent (e.g., autistic, ADHD, dyslexia) as working in a group can be 
overwhelming and ineffective.77 Equity, diversity, and inclusion (EDI)  researchers have suggested that student-instructor 
interactions in an active learning environment can also promote students’ success.68 In particular, “demonstrating 
confidence in students’ abilities and reinforcing a growth mindset will encourage students to persist through challenging 
activities” such as challenges with making connections.68 310 

Overall, the findings presented in this theme suggests the value of ST approaches for improving EDI as well as 
decolonized and Indigenous perspectives in chemistry education, which has yet to be investigated. Collaborative ST tasks 
could connect chemistry and the learning environment with personal experience, interest, culture, and knowledge by 
engaging diverse students in conversations that are rarely encountered when traditional teaching approaches in chemistry 
education are used.78 Inclusive teaching pedagogy that supports the experience of a diverse student population can 315 

enhance the learning and success of all students, support STEM innovation, decrease disparities in the academic success of 
underrepresented students, and increase student retention and persistence in STEM programs.79–85 While our findings 
identified potential benefits of ST approaches, further investigation is needed to measure inclusion and equity outcomes of 
a collaborative ST approach in STEM education. 

Participants made chemistry concepts and connections despite having difficulties. 320 

Participants made connections to chemistry using different approaches. These approaches include incorporating 
general knowledge from personal experiences, adding concepts by using a ST lens (e.g., thinking about interconnections, 
inputs/outputs, causes/effects, problems/solutions, zooming in and out of different perspectives), and incorporating 
disciplinary knowledge (Figure 12).  
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325 
Figure 12. Examples of approaches used to add concepts by participants (G1 and U10). 

Despite these efforts, participants identified difficulties making chemistry connections or described only surface-level 
features of chemistry when integrating concepts into their system map. During the interviews, six of the seven participants 
demonstrated difficulty with making chemistry connections when asked to explain how a macroscopic concept in their 
system map connects to a molecular concept. Some participants mentioned molecular level concepts but described 330 

chemistry connections using descriptive features or did not explore the depth of these chemistry concepts in their maps. 
For example, U6 mentioned molecular concepts (e.g., carbon dioxide, methane, and nitrous oxide) when explaining their 
system map but they did not explain or show the sources of how the molecules are produced or how they increase the 
global temperature (Figure 13). 

 335 

Figure 13. U6 quote. 

These findings are not surprising considering our previous research shows that participants’ system maps had 
substantially more concepts and connections at macroscopic levels of granularity than submicroscopic levels.42 Other 
researchers have found that learners typically reason at the macroscopic level and have challenges meaningfully switching 
back and forth between these levels of representations.86–91 Typically, chemistry teaching is focused on the submicroscopic 340 

level (via the representational level), which does not automatically help students move comfortably between all levels of 
representation.92,93 As a result, students can get confused and lack of motivation towards chemistry.88  
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Participants also indicated they had difficulty or were uncertain about creating chemistry concepts and connections. 
One participant mentioned that they would like to have focused more on the chemistry aspects of their topic but lacked 
climate knowledge from news sources and education (Figure 14). 345 

Figure 14. U12 quote. 

Our findings show that participants may not have the opportunity to learn scientific details of climate change.  
Educators may teach chemistry concepts related to climate change, but it may not be taught meaningfully to the learner or 
the connections between chemistry and climate change are not made explicit. Therefore, participants included concepts in 350 

their system maps that predominately related to their personal experiences and what they obtained from news sources, 
which may or may not be accurate representations of climate science principles.  

Traditional teaching approaches in chemistry often lead to students not being able to use or transfer their 
knowledge effectively in situations where it is needed, having difficulties with recalling what they are learning, and over-
simplifying their understanding of complex phenomena.94–97 Therefore, chemistry educators and professional associations 355 

have been advocating that chemistry curricula need to incorporate a ST approach so that students can understand 
connections between chemistry and its wider impacts to society, economy, the environment and human 
health.8,12,102,108,109,110 When implementing a ST activity in a chemistry course, in the context of a specific global issue, the 
educator needs to (1) explicitly highlights the role that chemical concepts and processes play in the global issue and (2) 
provides opportunities for students to use, articulate, and demonstrate ST skills in new contexts.  360 

System maps emphasized problems/solutions and causes/effects and differed in terms of organization and the intended 
purpose 

Organization of system maps. Most participants constructed their individual and group system maps by adding 
causes/effects and problems/solutions that are aspects of ST skills and show promise for students’ ST skill development. Of 
the participants who added causes/effects and problems/solutions, some participants organized their system maps starting 365 

with their main topic, creating branches to subtopics, and then adding ideas based on these subtopics (Figure 15a), while 
other participants only added ideas related to their main topic (no explicit branching into subtopics) (Figure 15b)  
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Figure 15. Example of individual system maps with different organizational strategies and participants’ explanations of how they 
constructed their system maps. A represents U14’s system map that is organized by starting with their main topic, creating branches to 370 

subtopics, and then adding ideas based on these subtopics. B represents U5’s system map that is organized by starting with their main 
topic and then added ideas related to this topic (no explicit branching into subtopics). 

We used IPT to interpret the differences in organizational strategies and the number of interconnections in 
participants’ system maps. Generally, participants who organized their system map with subtopics made more 
interconnections compared to those who did not. Therefore, participants with well-organized knowledge of climate change 375 

may be more able to identify the relevant features of their topic and consolidate new information via chunking (i.e., 
grouping information). A well-organized knowledge structure could lead to more purposeful organization of their system 
maps (addition of subtopics) and the ability to identify interconnections among concepts more easily using this approach 
compared to participants with less organized prior knowledge.  

These findings indicate a greater need to teach students how to approach system map construction when planning to 380 

use them in a ST activity. One potential approach that can be introduced to help students organize and visualize concepts 
and connections is using a System-Oriented Concept Map Extension (SOCME). SOCMEs group concepts into subsystems to 
define the system of focus and its boundaries and can help users to explicitly make connections between subsystems.12 An 
online interactive tool called the SOCKit has been recently created to facilitate SOCME construction.100 Overall, using a 
guided approach may lower students’ cognitive load demands when learning about chemistry’s connection to complex 385 

problems and they may be better positioned to make interconnections. 
Intended purpose of construction. In some cases, participants’ intended purpose of constructing their system map 

limited the number of concepts or connections they included in participants’ system maps. Some participants intentionally 
wanted to keep their system maps simple by not including many details or expanding too much on other topics or issues. 
Other participants indicated they would refine their system maps for different audiences and would reconstruct or 390 

reorganize their system map to make it more presentable for others to view or for educational purposes (e.g., handing it in 
as an assignment and giving a presentation) (Figure 16). 
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Figure 16. Undergraduate student 12 (U12) quote. 

Complementing these findings, we found that participants explained more connections and concepts verbally compared to 395 

concepts and connections shown in their individual and group system maps (SI S3.2). Therefore, using both system maps 
and verbal explanations gave a better representation of participants’ thinking. Based on our findings, one can imagine many 
educational purposes for ST (e.g., presentation, brainstorming for personal learning and navigating connections) and the 
need to make expectations and learning outcomes clear at the start of ST activities. 

Limitations to system map construction included: Time, knowledge, and technology skills. 400 

Participants reported that time, knowledge, and technology skills limited the construction of their individual and group 
system maps.  

In line with our previous findings, limitations of participants’ knowledge prevented the expansion of their system maps. 
During the interviews, some participants mentioned they stopped constructing their system map because they were unable 
to think about anything else to add. Other participants in the group task made comments about their uncertainty of making 405 

connections or adding concepts (U3, Figure 17).  
We also found that system map construction takes more time than given for individual and collaborative tasks. 

Participants mentioned that they needed more time to add to their individual system map before and after engaging with 
the simulation. Additionally, some participants would have added (e.g., added more concepts and connections) or made 
changes (e.g., organized it better) to their system map if they had more time (U9, Figure 17). Time was also a factor for 410 

constructing group system maps, as some participants mentioned they would have liked to make more connections 
between topics, but there was a time constraint. 

Lastly, participants reported problems with technology tools (e.g., Miro, computer) used in the ST tasks. From the 
interviews, one participant indicated they stopped working on their system map due to having problems with using the 
online whiteboard, Miro (e.g., Wi-Fi lagging connection). Other participants generally mentioned difficulties because they 415 

did not know how to use the software, even following a tutorial (G1, Figure 17).  

 

Figure 17. Examples of knowledge, time, and technology skill limitations reported by participants (U3, U9, and G1). 

Overall, these findings suggest that students need time and space for deep thinking to engage in ST. However, time, 
knowledge, and technology skill limitations are not specific to a ST approach. Other studies investigating different learning 420 
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approaches have found time constraints and technical issues were major factors preventing students from completing 
specific content modules or engaging at all with an intervention.101,102,103 Literature suggests that learners with limited 
domain knowledge can struggle to deploy metacognitive strategies to determine what is relevant and generate questions 
for investigation, which can affect how learners’ organize and present their knowledge.94,104 Therefore, students need to 
develop adequate domain knowledge in class that they can integrate with their prior knowledge and experience. They also 425 

need explicit scaffolding and support to engage in these metacognitive skills so that they can transfer these skills to 
different contexts.94 Providing additional scaffolding to support the use of online technologies and development of 
technology skills can also help alleviate technology-rated limitations in ST activities. Additionally, considering time and 
providing flexibility to complete ST activities or assessments will be important for engaging students in ST. Such changes will 
likely involve decisions about what current aspects of a given course can be removed (e.g., are of lower priority).  430 

 
RQ2: What are undergraduate and graduate student perspectives of systems thinking tasks in chemistry education? 

Students had varying positive perspectives about ST after engaging with the ST activities. Here, we describe four 
themes uncovered from our analysis based on (1) students’ perspectives on their engagement with the ST tasks and (2) 
their perspectives of other students engaging with ST tasks in a chemistry course. 435 

Systems thinking may be beneficial to learning. 
Participants stated that ST can help other students to (1) understand how and why concepts are connected, (2) 

better understand chemistry and its application to the real world, (3) give a sense of purpose to learning chemistry and (4) 
allow students to engage in critical thinking.  

Participants believed that ST could help students to better understand chemistry, the relationships between topics, and 440 

how and why one concept is connected to another. These findings were also elicited during participants’ interviews. U12 
mentioned that their overall experience with the ST activities was good because physically making the connections between 
the concepts was very help to them.  

Some participants’ responses stated that engaging with ST can allow students to relate real-life to chemistry concepts 
or teach students the many applications that chemistry has in the real world. One participant also mentioned that this 445 

approach may help students connect concepts in chemistry to other disciplines (Figure 18. G7 quote.Figure 18).

 

Figure 18. G7 quote. 

These findings suggest that ST may provide the opportunity to connect chemistry more explicitly to real world applications 
and other disciplines. Researchers and educators have indicated the importance of interdisciplinary science teaching for 450 

tackling complex global problems because these problems require insights from multiple disciplines to fully understand.105–

107 Some researchers in other disciplines have shown that ST enables students to produce an interdisciplinary 
understanding of a topic because students develop the cognitive abilities (e.g., critical thinking) necessary for fostering 
integration. Based on this evidence, chemistry educators have also suggested that ST can facilitate interdisciplinary teaching 
and learning.12,78,108 To arrive at a sustainable solutions to global challenges that effectively  use knowledge in chemistry, 455 

one needs to develop disciplinary skills outside of chemistry and collaborate with other scientists and non-science-based 
professions.11,109 Therefore, chemistry educators may consider how to integrate interdisciplinary learning outcomes in their 
course when using a ST approach. 

We also found that participants’ believed ST gives a greater purpose to learning and allows students to engage in 
critical thinking. Two participants stated that ST activities may allow students to understand the importance of learning 460 

chemistry and help students build towards a future purpose or goal. Additionally, one participant indicated that a ST activity 
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could promote critical thinking (Figure 19).

 

Figure 19. U16 quote. 

This finding shows that ST tasks may promote students’ critical thinking skills when students have opportunities to 465 

brainstorm concepts about a particular topic, which has been previously postulated.106 Critical thinking is often experienced 
as a byproduct of interdisciplinary learning.106 Given that ST and critical thinking are highlighted as skills required for 21st 
century jobs, both of these skills can be developed and practiced through interdisciplinary integration in chemistry 
courses.20,21 

Systems thinking captures interest and engagement 470 

 Participants had enjoyable ST experiences and mentioned that ST may positively impact students’ affective domain 
(e.g., feelings and attitudes). During the interviews, five participants indicated they had an overall enjoyable experience 
engaging in the ST intervention. These experiences may have influenced how they responded to the post-activity ST 
question. In their responses, they stated that ST will (1) help students’ engagement, (2) make learning chemistry more 
interesting for students, and (3) capture students' interests. Participants believed that ST activities will make learning 475 

chemistry more interactive, interesting, and engaging for students who are not interested in chemistry (G4, Figure 20). G4 
also indicated their interest with engaging in the ST tasks (SI 2.3, Theme 2). ST may be effective at capturing students' 
interest because it allows students to focus on the specific aspects of systems that they are passionate about (G8, Figure 
20). 

 480 

Figure 20. Participants quotes on students’ interest (G4 and G8). 

 Collectively, these findings show that ST may improve student engagement and interest toward chemistry when 
students can connect chemistry to their personal lives and interests. Increased student engagement and interest have been 
reported as a potential benefit of ST as it encourages students to become personally involved in what they are 
learning.17,110,111 Additionally, improving student engagement significantly predicts academic achievement in chemistry.7 485 

Given that effective student engagement is widely recognized as a critical educational objective, future research is needed 
to test these ST hypotheses on student engagement. 

Systems thinking allows perspectives to be shared and gained. 
 Consistent with participants’ ST experiences, participants believed that ST allows (1) students to share and gain 
perspectives with others and (2) participants to gain new perspectives about themselves. U11 indicated that collaborative 490 

ST activities are important for learning since they allow others to share and gain perspectives (Figure 21). 
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Figure 21. U11 quote. 

Engagement with the ST tasks gave participants new perspectives about themselves. G7 mentioned that the ST 
tasks changed their way of thinking about making connections, which was different from how they listed their initial 495 

connections on the google form. Creating system maps allowed them to see the complexity of connections between 
concepts that they did not consider before and how they view things in different ways (Figure 22). 

 
Figure 22. G7 quote. 

Similar to the findings about students’ experience, G7 may have engaged in metacognitive processes to understand how 500 

they were making connections in their system maps. Perspective taking has been previously reported as an important skill 
of ST to understand how the various components in a system interconnect.106 Our findings identify the potential 
significance of perspective taking for students and therefore should be considered in the design of ST activities. 

Systems thinking provided personal, social and professional relevance 
Participants indicated that ST provides: (1) professional relevance, allowing participants to view possible 505 

professions, (2) social relevance, clarifying chemistry’s purpose in human and social issues, and (3) personal relevance, 
allowing participants to make connections to their personal lives. Participants believed that ST could help students consider 
future career opportunities or fields of interest (professional relevance) (U4, Figure 23). Educators also believe that ST may 
expose students to less mainstream, career paths they may not have considered.108 We also found that participants think ST 
can help other students identify the need for action to address climate change or work toward creating solutions to the 510 

issue (social relevance) (U17, Figure 23). Lastly, participants’ responses indicated ST may provide relevance to their own or 
others’ lives (personal relevance) (U9, Figure 23). 
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Figure 23. Examples of participants’ quotes on professional, social, and personal relevance (U4, U17, and U9). 

These findings show the potential for ST to make connections that are relevant to students¾ personally, socially, 515 

and professionally. When students can connect learning of chemistry to their personal lives, they may be more motivated 
or interested in learning the course content. However, introducing relevant context alone does not guarantee a productive 
learning experience which is why a ST approach needs to include opportunities to leverage students’ other long-term 
individual interests.111 

IMPLICATIONS FOR TEACHING AND RESEARCH  520 

This work is one of the first in chemistry education to investigate student experiences of and perspectives toward 
using a ST approach in individual and collaborative chemistry education environments. Aligned with our second goal, we 
summarized the explicit connections our research findings have toward teaching practice and future research (Table 1). We 
aim to provide readers with efforts that should be considered when planning and implementing ST activities in chemistry 
and future work that needs to be conducted to better understand the impacts of ST in chemistry education. 525 
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Table 1. Summary of recommendations for ST instruction in chemistry and future chemistry education research 

 

CONCLUSIONS 
We designed this study to better understand student perspectives of and experiences with ST, addressing an important 

gap in the literature on ST in education. In the study, the 26 undergraduate and graduate student participants had varying 530 

experiences. We found that sharing and gaining diverse perspectives may be an integral aspect of engaging with ST as this 
finding was highlighted in both student experiences and perspectives. We identified the potential impact that sharing and 
gaining diverse perspectives may have toward student learning and engagement as well as equity, diversity, and inclusion in 
chemistry education, which has yet to be investigated. Aligned with our research question on student experiences, we 
identified how students constructed and organized their system maps. Most students constructed their individual and 535 

group system maps by adding causes/effects and problems/solutions and used different organizational strategies. Students 
who purposefully organized their system maps through subtopics identified more interconnections among concepts 
compared to those who did not include subtopics. Participants intentionally made connections to chemistry in their system 
maps but indicated or demonstrated difficulties with making chemistry connections amongst concepts¾ highlighting an 
area of focus when implementing ST. Lastly, while students shared numerous beneficial experiences of constructing system 540 

maps, we identified several limitations related to time, knowledge, and technology skills.  
Undergraduate and graduate students also expressed positive perspectives of a ST approach based on their experience 

engaging with ST tasks and believed a ST approach would positively influence other students if implemented in a chemistry 
course. Participants believed that ST: (1) is beneficial to learning, (2) captures interest and engagement, (3) allows 
perspectives to be shared and gained, and (4) provides personal, social, and professional relevance. This enthusiasm from 545 

students shows great promise for the potential of ST in chemistry education and support for its implementation in 
chemistry courses. 
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LIMITATIONS 
There are several limitations to what we may conclude, given the study design and analysis procedures. First, while we 

were able to identify the perspectives and experiences of undergraduate and graduate students, due to our limited sample 550 

size, we could not distinguish between the two groups. Second, from our analysis we only uncovered positive perspectives 
from participants. A bias for socially preferred answers to questions (positive or negative) could have occurred. Participants 
may have wanted to help the research, so they refrained from expressing negative perspectives¾ an example of social 
desirability bias. That said, we looked for disconfirming evidence in the data and found none. Lastly, we identified 
perspectives and experiences of students who voluntarily engaged in a ST intervention separate from a course. Future 555 

studies would be needed to determine student perspectives and experiences when ST activities are implemented within a 
course and in different educational contexts. 
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