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Abstract 

Chemistry knowledge is essen>al in addressing solu>ons to complex global challenges such as 

achieving the United Na>ons’ Sustainable Development Goals (SGDs), which include climate ac>on, good 

health and well-being, and quality educa>on. However, chemistry knowledge is oien taught in silos of 

individual topics to achieve a depth of understanding, placing less emphasis on making connec>ons to 

other disciplines or global issues. Calls have been made to reimagine how chemistry is taught so that 

ci>zens and chemists can contribute to solu>ons to these complex global challenges. Researchers and 

educators have been exploring systems thinking (ST), which has been proposed as part of an approach to 

chemistry educa>on. ST aims to understand and interpret complex problems from a holis>c perspec>ve. 

ST has a goal to be3er equip ci>zens and future scien>sts for the interdisciplinary work needed to 

address these emerging global issues. However, there has been limited evidence-based research on what 

ST looks like or its impact on chemistry educa>on. Without evidence, uncertainty will persist on how to 

effec>vely implement ST in chemistry educa>on and wide-spread implementa>on will remain a 

challenge, limi>ng the ability to equip people with the knowledge and skills to understand and solve 

these global challenges.  

My doctoral thesis has contributed to this area of need by inves>ga>ng students’ and educators’ 

perspec>ves and experiences of ST approaches in chemistry educa>on. We found 56 chemistry 

educators’ willingness and ability to implement ST in chemistry educa>on is influenced by their 

knowledge, beliefs, experiences, contextual and personal factors (Chapter 2). Addi>onally, barriers 

related to educators’ knowledge on ST and contextual factors (e.g., limited >me to learn and teach ST, 

limited teaching resources and assessments) were rated the highest among educators. This work can 

guide priori>es for educa>onal change efforts to reduce barriers for implemen>ng ST in chemistry 

educa>on. 

In addi>on to learning about educators’ perspec>ves and experiences with ST in chemistry 

educa>on, we inves>gated students’ perspec>ves and experiences when engaging in ST tasks, as they 

are also key stakeholders who must be considered when implemen>ng ST. We created a ST interven>on 

in which 26 undergraduate and graduate students, taking chemistry courses, engaged in three ST tasks 

and interviews. We iden>fied ST skills that these students do and do not demonstrate readily, to 

understand which skills need to be explicitly scaffolded in their instruc>on (Chapter 3). While most 

students demonstrated most of the 11 ST skills assessed, some aspects of the skills were demonstrated 

less frequently, drawing a3en>on to areas that need to be explicitly taught and scaffolded. The aspects 

demonstrated less frequently in students’ systems maps include: (1) fewer concepts and connec>ons at 
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submicroscopic levels of granularity (e.g., molecular, atomic, subatomic), (2) limited circular loops and 

causal connec>ons, and (3) no connec>ons that considered human impact on chemistry. This work was 

one of the first that provided some understanding of how to assess ST skills in chemistry educa>on.  

The research in Chapter 4 explored students’ experiences more broadly by looking at their 

engagement with individual and collabora>ve ST tasks during the interven>on and iden>fying aspects of 

ST that may be beneficial and challenging for students. Students shared more posi>ve than nega>ve 

experiences with the ST tasks. One beneficial experience was recognizing and apprecia>ng different 

perspec>ves and ideas from their group members, bringing a3en>on to important implica>ons related 

to equity, diversity, and inclusion in chemistry educa>on. We also found that students had varying 

posi>ve perspec>ves based on their engagement with the ST tasks and their perspec>ves of other 

students engaging with ST in a chemistry course. Implica>ons of this work include specific 

recommenda>ons on how to approach ST instruc>on for chemistry teaching and learning.  

These recommenda>ons were considered in the design of a new ST study to inves>gate the 

impact of using a ST approach to support the evalua>on of scien>fic misinforma>on (Chapter 5). In 

addi>on to the chemistry educa>on research in Chapters 2 to 4, my doctoral degree focused on 

curriculum development by using some of these research findings to inform the development of a ST 

framework, helping educators to plan, implement, and assess ST in chemistry educa>on (Chapter 6). 

We have made significant contribu>ons to areas of ST that had not been previously explored, 

crea>ng momentum for future research on ST in chemistry educa>on. There are s>ll many research 

opportuni>es on ST needed to explore cogni>ve and affec>ve outcomes as well as EDI and long-term 

transfer of knowledge and skills in chemistry. Our research has helped iden>fied what ST looks like in 

chemistry educa>on, now educators and researchers can use this knowledge to inves>gate how ST 

approaches impact the field. 
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Chapter 1: Introduc'on 

The overarching goal of my doctoral research was to provide evidence and gain a be3er 

understanding of what systems thinking (ST) looks like in chemistry educa>on, how it may be 

implemented and assessed in this field, and the supports needed for chemistry educators’ enactment of 

this approach. Before star>ng this research, very li3le chemistry educa>on research was published on 

this approach. While there have been excep>onal research efforts on ST over the last five years, there 

are s>ll many unanswered ques>ons and aspects of ST in chemistry educa>on that need to be explored.  

This chapter will provide readers with all the necessary background informa>on required to conduct 

chemistry educa>on research on ST. The first sec>on walks readers through an overview of the steps 

necessary to conduct chemistry educa>on research and its importance. The next sec>on starts by 

defining ST and its associated terminology then provides a detailed literature review on ST in chemistry 

educa>on and across disciplines. The final sec>ons of the introduc>on describe the relevant frameworks 

relevant to my doctoral research. The introduc>on concludes with an overview of each chapter 

presented in this thesis 

1.1 A growing discipline - Chemistry Educa<on Research  

1.1.1 Defining Chemistry EducaEon Research 

Our world is encountering unprecedented social, economic, and environmental challenges driven by 

accelerated globaliza>on and technological developments. Despite these challenges, such circumstances 

provide new opportuni>es for human advancement.1 Science educa>on plays a pivotal role in equipping 

students with the knowledge, skills, and axtudes for dynamic and emerging careers, as well as 

understanding and tackling complex problems.1–3 One might ask: how can we prepare students with the 

knowledge and skills required for jobs of the 21st century? Answering this ques>on can be informed by 

discipline-based educa>on research (DBER). DBER aims to “develop evidence-based knowledge and 

prac>ces that improve teaching and learning in the science, technology, engineering, and mathema>cs 

(STEM) disciplines”.3,4 DBER provides insights into how students understand the concepts, prac>ces, and 

ways of thinking about STEM and how to design instruc>onal strategies that improve students’ 

conceptual knowledge and axtudes about learning.2,3 A 2012 report by the Na>onal Research Council 

provides (1) readers with a comprehensive synthesis on the contribu>ons and future direc>ons of DBER 

and (2) educators, policy makers, researchers, scholars, decision makers, government agencies, 
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curriculum developers, research sponsors, and educa>on advocacy groups with recommenda>ons and 

resources to improve student learning and further develop DBER.3 

Chemistry Educa>on Research (CER) is a type of DBER that inves>gates the learning and teaching of 

chemistry using a range of qualita>ve and quan>ta>ve methods grounded in chemistry’s priori>es, 

worldview, knowledge, and prac>ces.3 CER studies differ from wet lab chemistry because most of the 

>me, research involves human par>cipants rather than working with chemicals.5 The depth of chemistry 

knowledge, methods and principles from educa>onal research, educa>onal psychology, and cogni>ve 

science are all essen>al components for conduc>ng CER.5 CER is quite extensive in the areas that have 

been explored which include: (1) mechanisms by which students construct an understanding of 

chemistry principles and barriers that impede construc>ons,6–8 (2) the development of instruments that 

measure understanding, axtudes, iden>ty, and other affec>ve constructs,9–11 (3) how evidence about 

student learning can be incorporated into curriculum design,12 and (4) how to measure the impact of 

curriculum transforma>ons.5,8,13–15 Educators can use the insights from CER to adopt scholarly methods 

in their teaching, ul>mately improving student involvement, learning, experiences, and outcomes in 

chemistry and related disciplines.16 

1.1.2 Steps for conducEng Chemistry EducaEon Research 

CER is concerned with teaching and learning chemistry rather than directly studying chemistry itself; 

therefore, the theories that guide the research, the experimental methodologies, and data collec>on 

instruments differ from those in tradi>onal chemistry research (Figure 1).5 However, some components 

of conduc>ng CER are quite similar to other areas of chemistry research. 

 
Figure 1. Overview of steps for conduc5ng chemistry educa5on research. 

1.1.2.1 IdenEfying the problem and creaEng research quesEons 

As with other research areas in chemistry, CER begins with iden>fying an issue or problem that needs 

to be resolved and crea>ng research ques>ons that may lead to hypothesis tes>ng, exploratory research, 
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or other approaches.16 By defining a problem to inves>gate, the researcher narrows the scope of the 

subject ma3er which can further be defined by genera>ng research ques>ons.17 Research ques>ons 

explicitly convey the purpose of comple>ng the research and are integral in guiding the direc>on of 

subsequent CER steps of a study which include the study design, data collec>on, and data analysis. 

Asking research ques>ons explicitly and inten>onally is less common in wet-lab chemistry research 

because research ques>ons may be assumed based on the type of study. For example, studying reac>on 

mechanisms in solvents with different polari>es might explore the effect of polarity on a reac>on 

mechanism. Educa>onal research requires explicit research ques>ons, as studies are oien conducted in 

complex sexngs. Developing effec>ve and researchable ques>ons can be generated by using a 

framework. There are several frameworks presented in the literature, but we use one created by Diane 

Bunce that considers five ques>ons: (1) Is the ques>on worth asking? (2) Is it feasible? (3) Who will be 

studied? (4) How will it be inves>gated? and (5) What is the poten>al “take home” message(s) of the 

inves>ga>on?18 We used this framework for crea>ng each project of my doctoral research and we 

revisited the framework to generate new research ques>ons when challenges arose in the research 

process. 

1.1.2.2 TheoreEcal frameworks 

One or more theore>cal frameworks guide educa>onal research once the issue is defined and 

research ques>ons are formulated. A theore>cal framework is defined as a “system of ideas, aims, goals, 

theories and assump>ons about knowledge, how research should be carried out, and how research 

should be reported.”16,17,19 Theore>cal frameworks are important for influencing interpre>ve and 

methodological decisions through the research process.20 Different theore>cal frameworks use different 

approaches for how data is interpreted, which influences methodological decisions, conclusions drawn, 

and recommenda>ons for researchers and educators.20 In educa>onal research, the same dataset can be 

analyzed from mul>ple perspec>ves to uncover different insights. For example, using a dataset from a 

study on student performance, one researcher might be interested in inves>ga>ng how homework 

comple>on rates and test scores relate to cogni>ve load and informa>on processing while another 

researcher might be interested in exploring how self-efficacy influences student performance. Essen>ally, 

we can think of a theore>cal framework as a tool to understand and predict phenomena, knowing that 

there are many ways to describe the same phenomena. Therefore, it is important to cri>cally assess the 

strengths and limita>ons of each theore>cal framework using criteria such as consistency with data, 

explanatory and predic>ve power, and empirical support to iden>fy frameworks that best align with the 
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research ques>ons and overarching goals.20 Overall, theore>cal frameworks are useful for providing a 

perspec>ve to guide the direc>on of a study, providing context for the research process, and helping the 

reader interpret the findings of a study. 

1.1.2.3 InsEtuEonal Research Ethics Board approval 

Ethical prac>ces must be considered throughout the en>re research process when the research 

involves human par>cipants.17 Educa>onal researchers need to learn about the procedures involved in 

applying to their ins>tu>onal research ethics board and adhere to guidelines when developing 

applica>ons for approval.17 The Tri-Council Policy Statement: Ethical Conduct for Research Involving 

Humans has specific guidelines that are based on three core principles: respect for persons, concern for 

welfare, and jus>ce.21 This policy provides an appropriate balance between recognizing the benefits of 

research, and the protec>on of par>cipants from research-related harms.21 One of the guidelines 

includes study par>cipants having the right to refuse to par>cipate and withdraw at any >me. For these 

reasons, any research involving human par>cipants must be reviewed by the ins>tu>onal review board 

(IRB) and obtain official approval or exemp>on.16 

1.1.2.4 Data collecEon and instruments 

Quan>ta>ve, qualita>ve, or mixed-method approaches can be used to inves>gate the research 

ques>on, once research ques>ons and theore>cal frameworks have been established.17 Qualita>ve 

research is best suited to address a research problem where the variables are unknown and can be best 

learned from par>cipants’ perspec>ves, experiences, and behaviours. Therefore, qualita>ve research 

explores “What?”, “Why?”, and “How?” ques>ons, much like nuclear magne>c resonance experiments 

can be used to iden>fy a substance or explore reac>on mechanisms.16 Qualita>ve approaches typically 

involve smaller sample sizes to explore the depth of a phenomenon and use more open-ended 

approaches in which the researcher asks general ques>ons of par>cipants, and the par>cipants share 

the response possibili>es.17 Collec>ng par>cipants’ responses can be done through the use of 

interviews, observa>ons, focus groups, open-ended responses in ques>onnaires, and document 

analysis.17 Once researchers know the “What?”, “Why?”, and “How?” of a par>cular phenomenon, they 

could design follow-up quan>ta>ve studies to see how prevalent the issue is by looking at mul>ple 

contexts.  

Quan>ta>ve research methods aim to answer ques>ons such as “How much?” and “How oien” and 

these ques>ons are made more specific to obtain measurable and observable data on the variables 

being inves>gated.17 Quan>ta>ve approaches generally involve larger sample sizes to explore the 
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breadth of a phenomenon and use more closed-ended approaches in which the research iden>fies set 

response categories (e.g., strongly agree, strongly disagree).17 Common techniques used to measure the 

variables in a study include surveys, standardized tests, correla>onal studies, comparison of two or more 

groups or data sets, and pre-/post-tests.17 Data collected through these methods will proceed through 

sta>s>cal analyses that are tailored to the nature of the quan>ta>ve data and research objec>ves (e.g., 

descrip>ve, inferen>al, parametric).17  

Mixed methods use a combina>on of qualita>ve and quan>ta>ve research methods within a single 

study or research project.17 Using a combina>on of methods, researchers gain a more comprehensive 

understanding of a phenomenon by drawing on the strength on qualita>ve and quan>ta>ve methods, 

triangula>ng findings, and providing richer insights.17 In a mixed-methods design, researchers can collect 

and analyze both qualita>ve and quan>ta>ve data, sequen>ally or concurrently.17 The benefit of 

collec>ng data sequen>ally is that one approach can generate the findings needed to develop another 

phase of a study. For example, a researcher could explore the factors that predict students’ success in a 

first-year general chemistry course. Qualita>ve approaches can be first conducted to understand 

students’ perspec>ves on what aspects of learning general chemistry are challenging. Then, analyses 

from the qualita>ve phase can iden>fy what factors to inves>gate in the large-scale quan>ta>ve phase. 

While evidence-informed changes are made by having both quan>ta>ve and qualita>ve findings, factors 

such as availability of resources (e.g., >me, finding, equipment, exper>se, number of par>cipants) and 

nature of the research topic may limit what methods can be used.16,17 These methods play an important 

role in gathering evidence for STEM educa>onal approaches. 

1.1.2.4.1 Importance of STEM EducaEonal Research 

STEM educa>onal research plays an important role in improving ci>zens' science literacy, making 

educa>on more inclusive and equitable, and shaping educa>onal policies and prac>ces.22 The Na>onal 

Academies have produced many reports suppor>ng the importance of STEM educa>onal research, yet, 

the field of research is s>ll undervalued and its importance has long been underemphasized in academia 

worldwide.2,3,23–26 On the other extreme, some educators implement educa>onal approaches based on 

what they think is the best approach to learning and teaching.27,28 Working with intui>on without 

evidence is not efficient, especially when an educators’ intui>on is incorrect. For example, some 

educators may tailor their teaching approach to the various learning styles (e.g., visual, auditory, 

kinesthe>c) despite strong evidence showing that adap>ng teaching to these learning styles does not 
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improve student learning.29–31 Educators need evidence drawn from research to help them implement 

and jus>fy educa>onal approaches to science teaching and learning. 

Educa>onal approaches need evidence for implementa>on much like the drug approval process 

(Figure 2). Cooper and Stowe (2018) provide an overview of the nature of evidence in CER studies and 

describe the strength of conclusions supported by level of evidence.5 Here, we draw parallels between 

STEM educa>onal research and the drug approval process to help different audiences understand the 

importance for collec>ng evidence on educa>onal approaches.  

 
Figure 2. Overview of the parallel between the drug approval process (top) and crea5ng evidence for educa5onal approaches in 

science educa5onal research (bo?om). 

A drug must meet preclinical requirements before being used in the market. Mee>ng preclinical 

requirements also means that a local ins>tu>onal review board (IRB) reviews the results from ini>al in 

vitro and in vivo studies and decides whether it is reasonably safe for the researchers or company to 

move forward with tes>ng the drug in humans (e.g., clinical trials).32 The IRB approves the clinical trial 

protocols, delinea>ng the eligibility criteria for par>cipants, the schedule of tests and procedures, the 

medica>ons and dosages to be studied, the length of the study and its objec>ve.32 IRBs ensure the 

study’s ethical acceptability, verify par>cipants’ informed consent and awareness of associated risks, and 

that researchers take appropriate steps to protect pa>ents from harm.32 

 In STEM educa>onal research, we need IRB approval of our studies to ensure the research 

meets ethical acceptability before it is carried out with human par>cipants. While research provides 

benefits for society and for the advancement of knowledge, its undertaking can involve harm (e.g., 
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social, behavioral, psychological, physical, or economic) to par>cipants.17 Therefore, IRB approval of the 

research is required before the recruitment of par>cipants, formal data collec>on involving par>cipants, 

access to data, or collec>on of human biological materials.33 Once an educa>onal or clinical study 

obtains IRB approval, recruitment of par>cipants and data collec>on can begin.  

In Phase 1 of clinical trials, a new drug is tested in a small group of people to determine the most 

frequent side effects of the drug, how the drug is metabolized and excreted, and most importantly its 

safety.32 Therefore, Phase 1 does not focus on the generalizability of research findings but on 

understanding how the drug works in the human body and what effects the drug produces, similar to 

qualita>ve studies in educa>onal research. 

Educa>onal research involves conduc>ng qualita>ve studies with a small number of par>cipants 

where the goal is to be3er understand concepts and phenomena of a research problem or when 

important variables of a topic are unknown.17 Qualita>ve research generates rich, detailed data that 

capture the depth and complexity of human experiences, percep>ons, and interac>ons.17 To obtain rich 

data, methods are oien limited to a single course or ins>tu>on, hence generalizability of qualita>ve 

research findings is not an expected a3ribute.17  

Phase 2 of clinical trials aims to obtain data on whether a drug works in people who have a 

certain disease or condi>on, requiring a larger sample size (e.g., 100 to 300).32 In Phase 1 of clinical trials, 

researchers obtained informa>on on how the drug works. Now addi>onal variables need to be 

inves>gated to understand for whom the drug benefits and under what condi>ons. Addi>onally, a larger 

sample size is par>cularly needed for controlled trials where pa>ents receiving the drug are compared 

with similar pa>ents receiving a different treatment or drug (e.g., placebo, current standard).32  

Similarly, educa>onal research involves conduc>ng quan>ta>ve studies which can be informed 

by qualita>ve research, enriching the research process and enhancing the depth of understanding about 

an educa>onal phenomenon.17 Qualita>ve explora>on can iden>fy the key variables, constructs, or 

factors that are then quan>fied and tested in subsequent quan>ta>ve research.34 Quan>ta>ve studies 

require a larger sample size to test these variables, constructs, or factors using sta>s>cal procedures.34 

Expanding the scope of the research through quan>ta>ve studies provides more evidence for the 

effec>veness of an educa>onal interven>on, and ul>mately enhances the rigour, relevance, and impact 

of the research. 

Phase 3 clinical trial studies gather more evidence of the effec>veness and safety of a drug by 

studying different popula>ons, different dosages, and using the drug in combina>on with other drugs.32 
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Typically, the number of people involved in these clinical trial studies ranges from 1000 to 3000.32 Phase 

3 of clinical trials has a similar goal to mul>-ins>tu>onal studies in DBER. 

Educa>onal research can involve follow up mul>-ins>tu>onal or larger scale studies. Mul>-

ins>tu>onal research has dis>nct advantages over single-context studies, including larger sample sizes 

for more generalizable findings, sharing resources, exper>se, and ideas amongst collabora>ve sites, and 

promo>ng networking.35–39 Larger sample sizes also enhance the sta>s>cal power of analyses, making 

the generalizability of conclusions stronger.40 Generally, teams that conduct mul>-ins>tu>on studies in 

educa>on or mul>-center studies in clinical research can publish in higher impact peer-reviewed 

journals, leading to more effec>ve dissemina>on.35,37 Therefore, mul>-ins>tu>onal studies can improve 

the level and quality of evidence of educa>onal approaches since they encompass a broader range of 

sexngs and popula>ons; making the findings applicable to a larger audience and more educa>onal 

contexts.35  

Only when there is enough evidence for systema>c or FDA review can the drug or educa>onal 

approach be approved for use in the market. There is no market approval in educa>onal research except 

in the K-12 system where some aspects may become part of the dictated curriculum. Approaches that 

have significant evidence may be published in the Na>onal Academies Press which publishes 

authorita>ve reports issued by The Na>onal Academies of Science, Engineering, and Medicine.41 

However, a major issue in educa>on is that intui>ve use is common, much like home remedies, 

naturopathic and homeopathic products. While using intui>on can allow for innova>on in educa>on, it 

also has implica>ons for the implementa>on of evidence-based approaches.42–45 

Further studies are conducted even aier a drug or educa>onal approach has been marketed. 

These studies are designed to monitor the effec>veness of the approved interven>on in the general 

popula>on and to collect informa>on about any adverse effects associated with widespread use.  

The >me required to establish evidence-based educa>onal approaches is extensive, but this process 

is required to advance science educa>on. With enough evidence, educators can make conclusive 

decisions about whether a new educa>onal approach benefits students or other stakeholders or creates 

more harm. We would not administer a drug to a pa>ent if we knew if it was harmful to them. 

Analogous standards should be considered for implemen>ng educa>onal approaches since educa>on 

powerfully influences students’ careers and life experiences 

In addi>on to collec>ng evidence of educa>onal research is the need for validity and reliability 

evidence from the research tools used in the process.  
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1.1.2.4.2 CollecEng validity and reliability evidence 

Collec>ng validity and reliability evidence is an essen>al component of instrument development in 

educa>onal research. Validity is defined as “the degree to which evidence and theory support the 

interpreta>on of test scores entailed by proposed uses of tests”,16,40,46 and reliability is defined as “the 

consistency of a measure and procedures used to score that measure when it is administered to the 

same individuals mul>ple >mes”.16,40,46 Validity and reliability aim to add rigour to a research study by 

enhancing the credibility and trustworthiness of research findings. Establishing valid (i.e., accurate) and 

reliable (i.e., precision) data from chemistry instruments is also essen>al for drawing conclusions and 

making meaningful interpreta>ons. For example, spectrophotometers are calibrated using standard 

solu>ons with known concentra>ons to ensure accurate measurements of absorbance. Addi>onally, 

running replicate samples or conduc>ng control experiments can help assess the reliability of instrument 

measurements.  

For qualita>ve, quan>ta>ve, and mixed-method approaches, instruments are created, or exis>ng 

instruments are used to collect relevant data for analysis and interpreta>on. Instruments are research 

tools designed to measure or assess various constructs, variables, or phenomena relevant to the 

research ques>ons and goals.17 The common types of instruments used in educa>onal research include 

surveys, ques>onnaires, interview protocols, ac>vi>es, assessments, and observa>on guides. The 

selec>on and design of appropriate instruments are essen>al components in conduc>ng research, 

ensuring that data collec>on methods align with the research ques>ons and that the instruments 

provide valid and reliable data.5,40 If the data collected from instruments are not valid and reliable, the 

resul>ng interpreta>ons will also be invalid and can lead to nega>ve consequences for students and 

educators. 

Qualita>ve and quan>ta>ve research use different approaches for gathering and repor>ng validity 

and reliability evidence. In quan>ta>ve research, researchers are most concerned about the specific 

influences made from test scores on psychometric instruments.17 Validity and reliability in quan>ta>ve 

research can be established through sources of evidence described in the Standards for Educa>onal and 

Psychological Tes>ng.40 Sources of validity evidence include test content, response process, internal 

structure, and rela>ons to other varia>ons.40,46 Whereas, sources of reliability evidence include replicate 

administra>ons (e.g., temporal stability) and internal consistency of the instrument. Figure 3 outlines the 

sources of validity and reliability evidence along with a brief defini>on and example method for 

collec>ng each type of evidence; which are explained in more detail in the Standards for Educa>onal and 

Psychological Tes>ng.40 
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Figure 3. Overview of sources of validity and reliability evidence with defini5ons and an example of each method. 

In qualita>ve research, researchers use a lens from the perspec>ve of people who conduct, 

par>cipate in, or read and review a study, rather than using interpreta>ons from scores and 

instruments.34 Validity and reliability are oien evaluated differently in qualita>ve research given that 

data analysis is influenced heavily by the researchers’ perspec>ves.17,34 Qualita>ve researchers need to 

provide evidence of the trustworthiness of their analysis which can be achieved through a more 

naturalis>c approach proposed by Lincoln and Guba.47 The naturalis>c approach for establishing 

trustworthiness consists of four criteria: credibility, transferability, dependability, and confirmability, 

which are described below.47 Procedures for establishing validity in qualita>ve research include 

strategies used by researchers to establish the credibility of their study. Credibility is akin to internal 

structure validity evidence in quan>ta>ve research and refers to the degree to which the findings 

accurately represent the experiences or perspec>ves of par>cipants.47 Several validity procedures can be 

used to establish trustworthiness in qualita>ve research including triangula>on, member checking, peer 

debriefing, audit trails, rich descrip>on, audit trailing, researcher reflexivity, disconfirming evidence, 

collabora>on, and prolonged engagement in the field.34,47 The choice of validity procedures is governed 

by two perspec>ves: (1) the lens researchers choose to use (e.g., their own, study par>cipants, or 

individuals external to the research) to validate their study and (2) researchers’ paradigm assump>ons or 

worldviews.34,48 Creswell and Miller (2000) created a two-dimensional framework using these 

perspec>ves to help researchers iden>fy and provide a ra>onale for the choice of appropriate validity 

procedures for their qualita>ve studies.34 

For establishing reliability in qualita>ve research, some researchers emphasize the need to provide 

quan>ta>ve measures of reliability while others focus on the need to apply Lincoln and Guba’s 

Sources of Reliability EvidenceSources of Validity Evidence
Internal 

consistency
Temporal 
stability

Relation to 
other variable

Internal 
structure

Response 
process

Test content

Different 
instrument 
questions 

consistently 
measure the 

same underlying 
construct

Instrument 
consistently 

measures test-
takers’ 

performance on 
the construct of 

interest

Correlation 
between 

construct of 
interest and 

another variable

Relationship(s) 
amongst items 

in the 
instrument

Instrument 
engages 
cognitive 

processes that 
are intended by 

the test 
developer

Instrument 
content aligns 
with intended 

measure

Definition of 
source

Cronbach’s 
alpha

Test-retest 
coefficient:

test the same 
group twice

Correlation 
analysis: 

correlating test 
scores with 
other tests

Factor analysis 
to determine 

factor structure 
of test

Cognitive 
interviews with 

members of 
target 

population

Panel of domain 
experts

Example of a 
method



 11 

trustworthiness criteria.34,49 Dependability is akin to reliability in quan>ta>ve research and refers to the 

consistency and quality of the research process over >me and across researchers.49 Dependability can be 

demonstrated in mul>ple ways such as peer debriefing, audit trailing, and reflexivity.49 For example, 

audit trailing involves a qualified person outside of a study who will examine the research process from 

methodological decisions to how the data is used and interpreted, ul>mately evalua>ng the 

dependability of the findings.34,47,49 Conven>onal approaches for how chemistry educa>on researchers 

demonstrate the reliability of their analysis are through quan>ta>ve inter-rater reliability measures or 

descrip>on of a consensus-making process between mul>ple researchers.49–51 Both of these approaches 

focus on the construct of reproducibility, capturing the consistency between two or more researchers 

applying the same codes to the same units of data.49,50 Researchers have argued the need to consider 

reliability when developing a coding scheme (i.e., a guide for labelling data based on codes, rules to 

apply them, and examples to guide the process) in an analysis and during the final applica>on of the 

coding scheme.49 

Inter-rater reliability (IRR) is the most common approach, calculated to indicate the reliability of a 

finalized coding scheme as applied to the data.49,52 In this process, two or more people independently 

code 10-20% of the data set followed by the primary researcher coding the remaining data. Once the 

coding is complete, the researchers can use established mathema>cal approaches to calculate the level 

of agreement between analyses. A high IRR measure will be obtained when the coding is highly 

consistent among the raters and researcher, sugges>ng that the coding scheme is reliable, and the data 

is being interpreted consistently. Common measurements used for measuring the reliability of data 

include percent agreement, correla>on coefficients (e.g., Pearson’s r and intraclass correla>on 

coefficients), and chance-corrected agreement coefficients (e.g., Cohen’s kappa and Krippendorff’s 

alpha).49,50,53,54 While each of these measurements has pros and cons, the chance-corrected agreement 

coefficients are suggested to be the most appliable and accepted reliability measures as they adjust 

simple percent agreement calcula>ons by considering the probability that researchers agree due to 

chance.49,50,54 When researchers do not obtain an acceptable IRR value, the researchers will compare 

their coding, discuss disagreements, and resolve any discrepancies in their coding. Another cycle of the 

inter-rater process will be repeated un>l an acceptable level of agreement is achieved. 

In some cases, reliability measures are essen>al, but in other cases, they can be deemed 

inappropriate. An example of when gathering evidence for reliability is appropriate would be during the 

valida>on of a new assessment tool designed to measure students’ cogni>ve abili>es. In this context, 

reliability is required to ensure the tool can be widely implemented and that is consistently measures 
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what it is intended to measure. Generally, qualita>ve, or exploratory research focuses on gaining an in-

depth understanding of phenomena rather than obtaining consistent measurements; therefore, 

reliability may not be a primary focus of the research.  

An example where conven>onal measures of reliability (e.g., inter-rater reliability) may be 

inappropriate is when exploring the subjec>ve experiences and perspec>ves of individuals. Personal 

experiences and perspec>ves are complex constructs. In studies involving unique or unrepeatable 

events, such as historical analyses or case studies, reliability may not be applicable since there are no 

opportuni>es for repeated measurements. For example, students’ experiences of learning chemistry 

during the COVID-19 pandemic can be highly personal and context-dependent, shaped by factors such as 

social support networks and cultural or personal beliefs. Another area of chemistry educa>on research 

where measuring reliability would be inappropriate is qualita>ve research exploring the experiences of 

individuals regarding racism and discrimina>on. Racism and discrimina>on are complex social 

phenomena that can manifest in various forms. Therefore, individuals have diverse and mul>faceted 

experiences of racism that are deeply influenced by mul>ple factors such as their social iden>>es, 

personal histories, cultural backgrounds, and contextual factors. Researchers priori>ze capturing the 

richness and complexity of these experiences and focus on maximizing the validity and trustworthiness 

of the findings. In my doctoral research, we collected evidence for different types of validity and 

reliability based on the goal of each research project. 

1.1.2.5 Data analysis 

Most data analyses followed established qualita>ve or quan>ta>ve approaches, aligned with the 

research ques>ons, theore>cal framework, and methods.55 However, some analyses conducted during 

my doctoral research did not have established procedures, requiring innova>ve thinking to devise an 

analysis plan. We primarily analyzed our data using thema>c analysis, a well-established method in 

qualita>ve analysis. Thema>c analysis is a commonly used qualita>ve method in educa>onal research, 

which aims to iden>fy pa3erns of meaning (themes) within qualita>ve data.17,55–57 Thema>c analysis is a 

versa>le and rigorous approach that can be applied to various types of data, such as interviews, focus 

groups, observa>ons, documents, and open-ended ques>onnaire responses. Researchers first immerse 

themselves in the data by reading it and crea>ng memos to become familiar with its content. 

Researchers then systema>cally code the data by segmen>ng it line-by-line into meaningful units known 

as a code. A code is a word or phrase to represent important concepts or ideas from the data that relate 

to the research ques>ons.56 Coding can be performed deduc>vely, where codes are iden>fied from 
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exis>ng literature before data analysis begins, or induc>vely, where codes are formed from the data 

during analysis.17,56 Aier coding the data, the codes are compared and those that are similar in nature, 

are grouped into categories. Finally, themes are uncovered from the data by looking for pa3erns among 

the categories. Researchers will provide a detailed descrip>on of the themes uncovered in a report or 

manuscript, supported by illustra>ve quotes or examples from the data or visual representa>ons to 

illustrate the data in each theme. Overall, thema>c analysis allows researchers to gain rich insights into 

the experiences and perspec>ves of par>cipants and uncover complex pa3erns that contribute to the 

understanding of educa>onal phenomena.17,55–57 

1.1.2.6 Conclusions and implicaEons to research, teaching, and learning  

CER can range from theore>cal explora>on to applied research, akin to other areas of chemistry 

research.16 Therefore, CER findings can apply to various audiences, informing research, and influencing 

prac>ce. Researchers must clearly address the relevance of their research to stakeholders (e.g., 

educators, students, administrators, policymakers, and government agencies) and offer evidence-based 

sugges>ons for a meaningful impact of CER.16 Implica>ons for research, teaching, and learning must 

remain within the scope of the CER and its findings. Addi>onally, all studies have limita>ons which need 

to be communicated to stakeholders. Limita>ons may include limited generalizability or applicability 

based upon design, sampling, subject popula>on, or loca>on of study.16 

Sec>on 1.1 provided an overview of the necessary steps in conduc>ng CER. In the next sec>on, the 

chapter will narrow in on the specific area of CER conducted in this thesis, systems thinking. Aligned with 

the steps of CER, this sec>on begins with iden>fying the overarching problem that we aim to work 

toward through our ST research. 

1.2 Systems Thinking in Chemistry Educa<on and Other Disciplines 

1.2.1 Addressing 21st-century challenges 

Chemistry has played a central role in crea>ng the material basis of our society and economy; 

however, projec>ons across a wide range of indicators show that the world is currently on an 

unsustainable trajectory.58–60 Tradi>onal chemistry prac>ces of produc>on and consump>on are not 

sustainable, placing a significant role on current chemistry prac>ces to maximize resource efficiency 

while minimizing hazards and pollu>on.61 Chemists today are faced with a pressing ques>on, “How can 

we preserve and increase the pace of innova>on fundamentally supported and enhanced by the 

chemical sciences while not adversely affec>ng human health and the environment?”.62 Chemistry has 
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historically contributed to this unsustainable trajectory; thus chemists today must priori>ze tackling 

complex challenges such as those highlighted by the United Na>ons’ Sustainable Development Goals 

(SDGs) (Figure 4).63 The 17 SDGs provide a framework for developing a sustainable planetary society by 

the target date, 2030 and require a holis>c understanding of the connec>ons between chemistry and 

other disciplines.58 

 
Figure 4. The 15 United Na5ons Sustainable Development Goals. Credit: United Na5ons.63 

A transforma>on of science educa>on is needed to equip ci>zens and future scien>sts with the 

knowledge to understand these complex challenges and be prepared with the skills required to design 

products that eliminate or minimize harm.64 Current approaches in chemistry educa>on oien place less 

emphasis on making connec>ons to other disciplines and global issues. Without prac>ce and 

assessment, literature on knowledge transfer suggests that students cannot be expected to make these 

connec>ons.65–69 In many chemistry courses, facts are typically learned in silos where emphasis is placed 

upon detailed descrip>ons of fundamental, yet narrow, principles.61,70,71 While the depth of chemistry is 

important, learning discrete, unconnected facts out of context limits learners’ abili>es to apply 

knowledge and skills in new contexts, such as understanding how chemical processes impact and are 

impacted by societal, economic, poli>cal, and environmental factors.61,66,72,71 To advance the SDGs, 

chemistry educa>on needs a balance between teaching the depth of chemistry knowledge and exploring 

the breadth of how this knowledge can be applied to new contexts, applicable to the learner and societal 

and global challenges. 

Chemistry educators have also described a disconnect between the demand of preparing students to 

address global challenges and their knowledge of how to integrate such context and cogni>ve skills into 

their chemistry classrooms.73–75 Educa>onal systems grapple with the task of equipping students for jobs 

that are not yet available,76 where the ability to adapt, think cri>cally, and solve problems will be in high 

demand.77 While universi>es around the world aim to equip chemistry graduates with the competencies 
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and content knowledge required to be successful in their future careers, students have not fully 

developed professional skills (e.g., collabora>on skills, communica>on skills, leadership skills, learning 

skills, scien>fic thinking skills etc.) that employers require.78–80 The Organiza>on for Economic Co-

opera>on and Development (OECD) Learning Compass 2030 highlights the importance of cogni>ve and 

metacogni>ve skills, social and emo>onal skills, and physical and prac>cal skills for 21st-century skills; all 

these skills are becoming essen>al as classrooms and workplaces become more diverse and are required 

for naviga>ng through a complex and uncertain world.81 Providing opportuni>es for students to develop 

and prac>ce these skills and embrace the challenges will set them up for success in their future careers.  

Building the capacity to understand and achieve the SDGs and expecta>ons of a 21st-century 

workplace requires evidence-based approaches to postsecondary STEM educa>on. Recent compelling 

interna>onal calls have been made to reorient chemistry educa>on using a systems thinking (ST) 

approach.65,82 Chemistry educators have proposed ST to complement current teaching approaches to 

chemistry educa>on that could bridge the disciplines and more effec>vely educate ci>zens for their roles 

on a rapidly changing planet.83–87 Students would s>ll learn fundamental chemistry concepts but would 

develop addi>onal skills to connect chemistry topics to rich contexts such as exploring how a chemical 

may contribute to intended and unintended consequences.88 In support of a ST approach, a broad 

literature search on the key competencies in sustainability was conducted and synthesized into a 

coherent framework of a set of five key competencies that guides the design of programs and courses in 

sustainability, teaching and learning evalua>ons and hiring and training faculty and staff.89,90 The five 

competencies described through this framework include systems thinking, an>cipatory, norma>ve, 

strategic, and interpersonal competence. Therefore, ST is considered a skill required for jobs of the 21st 

century and a key competency to be developed in Educa>on for Sustainable Development. 

1.2.2 Defining a system and systems thinking 

Systems thinking has been a consistent way of thinking, being, and knowing that has existed in many 

Indigenous communi>es for many years, long before Western disciplines colonized the term.91  

Indigenous communi>es are the original systems thinkers that view the natural environment, human 

rela>onships, and non-human rela>onships with a systems lens.92 There are unique cultures across 

Indigenous communi>es that center many different types of knowledge, referred to as knowledge 

systems. Members of the Australian Indigenous community, Bundjalung, Thunghux and Muagal Man 

Leeton Lee, state, “When we consider knowledge systems from a First Na>ons perspec>ve, we are 

looking at many interconnected rela>onships or pieces of knowledge that overlap and interact with each 
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other without conflict. This is oien referred to as kinship or balance.”92 People today con>nue to use this 

way of thinking in society to address sustainability challenges. 

Western approaches to ST and theories emerged in mid-20th century when recognizing limita>ons of 

tradi>onal, reduc>onist approaches to scien>fic research.93 Systems have been defined as a “set of 

elements or parts that is coherently organized and interconnected in a pa3ern or structure that 

produces a characteris>c set of behaviours, oien classified as its “func>on” or “purpose”.94 Systems can 

exist at mul>ple scales (e.g., microscopic, mesoscopic, and macroscopic), with the observer establishing 

boundary condi>ons for a given system.86 Our human bodies are an example of a complex system that 

contain subsystems (e.g., circulatory system, endocrine system, diges>ve system) with individual parts 

that work together to keep the body func>oning. Systems in biology (e.g., human body, ecosystems), 

geoscience (e.g., earth systems), engineering (e.g., design systems),95 and business (e.g., transac>on 

processing systems, execu>ve informa>on systems),96 are perhaps more apparent than chemistry 

systems (e.g., reac>on in a flask, distribu>on of carbon dioxide in the Earth’s atmosphere) which is why 

ST approaches have been explored in these fields.97–100 However, chemical reac>ons and processes, in 

nature and industry, func>on as parts of complex systems (e.g., global challenges) and interact with 

other disciplines, giving chemistry the >tle as the “central science”.87 Despite the interconnectedness, ST 

approaches are rela>vely unfamiliar to chemists and chemistry educators; therefore, ST has barely been 

explored in chemistry educa>on.61,66,87,101 

Each discipline has a slightly different concep>on of how to define systems thinking. A few 

examples of these defini>ons include: 

• Systems thinking is “an approach for examining and addressing complex behaviors and 

phenomena from a more holis>c perspec>ve”61 

• Systems thinking is “a school of thought that focuses on recognizing the 

interconnec>ons between the parts of a system and then synthesizes them into a unified 

view of the whole. Furthermore, it deals with recognizing pa3erns and 

interrela>onships, and learning how to structure those interrela>onships into more 

effec>ve, efficient ways of thinking.”99,102 

• Systems thinking may be considered a cogni>ve,99 metacogni>ve,98 or higher-order 

thinking skill,99,102,103 and can be developed through appropriate instruc>on. 

• Systems thinking can be viewed as many things: a perspec>ve, a language with its own 

unique vocabulary, or a toolset for visualizing and communica>ng.104 
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• Systems thinking is a “cri>cal tool in addressing the many environmental, poli>cal, social, 

and economic challenges we face around the world.”94 

• Systems thinking is a “set of synergis>c analy>c skills used to improve the capability of 

iden>fying and understanding systems, predic>ng their behaviors, and devising 

modifica>ons to them in order to produce desired effects. These skills work together as 

a system.”105 

Over the years researchers from different disciplines have suggested ST can be further explained 

through specific ST skills or cogni>ve abili>es demonstrated by an individual. While there are mul>ple 

lists of ST skills in the literature, there is s>ll no consensus about which ST skills should be developed.61 

To interpret these skills, one must understand the ST terminology that is used to define these skills (Table 

1).94,106 

Table 1. Systems thinking terminology and defini5ons across disciplines. 

Term DefiniEon 
Components An individual part of a system; can be an a3ribute of a system, or a subsystem. 

Subsystem A smaller system being embedded within a larger system. 

Variables A type of system component that can be changed/altered. 

Behaviour Specific ac>ons, ac>vi>es, or responses exhibited by a system’s components. 
Dynamic behaviours include how a system or system component acts over >me. 

FuncEon A dis>nct purpose, role, or ac>on that a component or subsystem carries out within 
a larger system. Ul>mately, how a part of a system contributes to the overall 
behaviour and purpose of the en>re system. 

RelaEonships Links between system components. 
Linear relaEonship: A constant propor>on between cause and effect between two 
components in a system. 
Nonlinear relaEonship: A cause does not produce a propor>onal effect between 
two components in a system. 

InterconnecEons/ 
Interrelated 

Links between mul>ple system components (e.g., more than two components). 

Emergent 
properEes/ 
Emergence 

A characteris>c of a system that are not just the result of the behaviour of its 
individual parts. These proper>es arise from the interac>ons among the parts and 
cannot be predicted or explained solely by looking at the parts in isola>on. 

Feedback Involves the return of part of the system’s output as input, crea>ng a loop of 
informa>on or ac>on that can influence the systems’ behaviour. Posi>ve feedback 
increases the output in response to an increase in input, while nega>ve feedback 
reduced the output in response to increase in input. 

Causal loop/ 
Feedback loop 

A representa>on of cause-and-effect rela>onships between variables or components 
in a system. Causal and feedback loops are oien used interchangeably but feedback 
loops refer to the mechanism through which the outputs of a system are fed back as 
inputs, influencing the future behaviour of the system. 
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Unintended 
consequences 

Outcomes that occur unexpectedly or without prior inten>on due to 
interconnec>ons and behaviours within a complex system. They are not part of the 
system’s original goal. 

Delays The lengths of >me rela>ve to the rates of system changes. 

Environment Refers to the external context or surroundings in which a system exists and interacts. 
It comprises all the elements that surround and may impact or be impacted by the 
system. The system and environment are interconnected through feedback loops 
and rela>onships, and exchanges of ma3er, energy, and informa>on. 

Boundary A boundary separates a system from its environment. The borders of the system, 
determined by the observer(s), which define a par>cular area of responsibility to 
achieve system purposes. The decision on where to draw a system’s boundary 
largely depends on the purpose of the discussion or analysis at hand. 

Structure The arrangement of parts within a system and the rela>onships among them. The 
structure determines how informa>on flows, how decisions are made, and how 
ac>ons are taken within a system. 

Barry Richmond was the first ST expert to describe seven specific skills involved in ST, in the 

context of business and management systems.107 These skills include (1) dynamic thinking, (2) systems-

as-cause thinking, (3) forest thinking, (4) opera>onal thinking, (5) closed-loop thinking, (6) quan>ta>ve 

thinking, and (7) scien>fic thinking (Table 2).61,107,108     

Table 2. Comparison of tradi5onal business thinking skills versus systems thinking skills. Adapted from ref 108. Copyright © 2018 

Leverage Networks, Inc.  

TradiEonal Business Thinking Skill Systems Thinking Skill 
StaEc Thinking: Focusing on par-cular events Dynamic Thinking: Examining how the behavior of a 

system changes over -me 

System-as-Effect Thinking: Viewing behaviour 
generated by a system as driven by external forces 

System-as-Cause Thinking: Considering the internal 
causes of a systems’ behaviour, as opposed to poten-al 
external causes of the systems’ behaviour 

Tree-by-Tree Thinking: Believing that really knowing 
something requires focusing on the details, which are 
confined to the behaviours of parts of a system 

Forest Thinking: Examining the behaviour of a system 
as a whole to understand the context of rela-onships 

Factors Thinking: Lis-ng factors that influence or are 
correlated with some result 

OperaEonal Thinking: Focusing on the variables that 
cause a systems’ behaviour and how the variables cause 
a change in the system’s behaviour 

Straight-Line Thinking: Viewing causality as running 
one way, with each cause independent from all other 
causes 

Closed-Loop Thinking: Considering the ways in which 
two system-relevant variables affect each other, as 
opposed to how one variable affects the other 

Measurement Thinking: Searching for perfectly 
measured data 

QuanEtaEve Thinking: Examining the rela-ve impacts 
of variables on a given system behaviour, as opposed to 
the absolute impacts of those variables 

Proving-Truth Thinking: Seeking to prove models to be 
true by valida-ng with historical data 

ScienEfic Thinking: Tes-ng of models and hypotheses 
about a systems’ behaviour 
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Other researchers across science disciplines suggested that specific ST skills include cogni>ve 

abili>es such as (1) thinking in terms of dynamic processes (e.g., feedback loops), (2) understanding how 

the behaviour of a system arises from the interac>ons of its components over >me, (3) discovering and 

represen>ng feedback processes that underlie observed pa3erns of the system’s behaviour, (4) 

recognizing delays and understanding their impact, (5) iden>fying nonlineari>es, and (6) scien>fic 

thinking.97,109 However, these skills are not empirically derived.61 This limita>on began to be addressed in 

a geoscience study examining the ST abili>es of junior high school earth science students.99 The 

researchers found that students engaged in eight ST skills that were developed hierarchically and 

sequen>ally (i.e., achievement of lower-level skills is necessary for a student to engage in higher-level 

skills). This list of skills is now named the Systems Thinking Hierarchical Model, and the eight skills are 

divided into three components, (1) analysis of system components, (2) synthesis of system components, 

and (3) implementa>on (Figure 5).99 

 
Figure 5. Systems Thinking Hierarchical Model. Reproduced with permission from ref 61. Copyright © 2019 American Chemical 

Society and Division of Chemical Educa5on, Inc. 

This model is relevant to how ST might be applied to chemistry educa>on and has since been used by 

chemistry educators;110,111  however, the research is limited to elementary school students and needs to 

be explored in the context of chemistry educa>on. For these reasons, chemistry educators have begun 

defining how ST skills and a ST approach might apply to chemistry educa>on. 
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1.2.3 Defining systems thinking in chemistry educaEon 

The lack of an opera>onal defini>on of ST remains a challenge for its prac>cal implementa>on in 

the chemistry educa>on community. When ST started being introduced to chemistry educa>on, Orgill 

and York’s work helped to define ST in the context of chemistry educa>on.61,112 They created five 

characteris>cs of a ST in chemistry educa>on by reviewing exis>ng literature about ST in various 

disciplines and on research about ST teaching and learning. These characteris>cs are framed in terms of 

what one should do during an ac>vity that follows a ST approach in chemistry educa>on. Aier 

iden>fying the characteris>cs, they listed specific ST skills that align with each of the characteris>cs. 

These ST skills were organized on an analy>cal/elabora>ve-holis>c con>nuum (Table 3). The 

analy>cal/elabora>ve-holis>c con>nuum has roots in systems engineering, educa>onal psychology, and 

cultural psychology.113–115 Addi>onally, research suggests that deeper learning occurs when students 

engage in both types of thinking to understand a given concept or phenomenon.114,116,117 Therefore, 

Orgill and York argue that from a cogni>ve perspec>ve, ST involves analy>cal skills that focus on parts 

and holis>c skills that focus on wholes and that students would benefit the most from engaging in a ST 

ac>vity that requires both cogni>ve processes.112 This work has contributed to defining ST in chemistry 

educa>on; however, there is no empirical evidence of these characteris>cs and related ST skills in 

chemistry educa>on.   
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Table 3. Five characteris5cs of ST aligned with ST skills across the analy5cal-holis5c con5nuum. Figure adapted with permission 

from ref 109. Copyright © 2020 American Chemical Society and Division of Chemical Educa5on, Inc. 

 

Some of the terms indicated in the five characteris>cs of ST are very unfamiliar to those who do not 

know a lot about ST. Therefore, addi>onal explana>ons and examples are provided in the following 

paragraphs. 

 Feedback loops. Feedback loops include variables that affect the stability of a system. A nega>ve or 

"balancing" feedback loop reduces the effect of change and helps maintain balance of the system (e.g., 

Le Chatelier’s Principle) whereas as posi>ve or "reinforcing" feedback loop increases the effect of change 

and produces instability (e.g., autocataly>c reac>ons). Complex systems oien present behaviour in cyclic 

pa3erns and these cyclic pa3erns result from mul>ple posi>ve and nega>ve feedback loops. 

Examine a system as a unified 
whole

Examine the organization of 
components within the system

Identify the individual 
components and processes 
within a system

Recognize a system as a 
whole, not just as a 
collection of parts

Identify and explain the causes 
of cyclic behaviours within a 
system

Examine positive and negative 
feedback loops within a system

Identify the ways in which 
components of a system are 
connected

Examine the relationships 
between the parts of a 
system and how those 
interconnections lead to 
cyclic system behaviours

Identify, examine, and explain 
emergent system-level 
behaviours

Examine the relative, 
potentially nonlinear effects 
that multiple identified 
variables have on a given 
system-level behaviour

Identify the multiple variables 
that influence a given system-
level behaviour; consider the 
potential effect of stochastic 
and “hidden” processes on the 
system-level behaviour

Identify variables that 
cause system behaviours, 
including unique system-
level emergent behaviours

Use system-level behaviour-
over-time trends under one set 
of conditions to make 
predictions about system-level 
behaviour-over-time trends 
under another set of conditions

Describe how a given system-
level behaviour changes over 
time

Identify system-level 
behaviours that change over 
time

Examine how system 
behaviours change over 
time

Consider the role of human 
actions on current and future 
system-level behaviors

Consider the possible effects of 
a system’s environment on the 
system’s behaviours; consider 
how the system under study 
might be a component of and 
contribute to the behaviours of 
a larger system

Identify and describe system 
boundaries

Identify interactions 
between a system and its 
environment, including the 
human components of the 
environment

ST characteristics ST skills
Less holistic/more analytical More holistic/less analytical
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Emergence. Emergence refers to the appearance of proper>es in a system that arise from the complex 

interac>ons between its components. These emergent proper>es cannot be predicted from the 

proper>es of individual parts; instead, new proper>es emerge from the collec>ve behaviour of the 

whole, which the individual components do not possess. Common emergent proper>es exhibited by 

chemical en>>es include mel>ng and boiling points, solubility, conduc>vity, density, acidity, oxida>on, 

and reduc>on. For example, water is only said to have a density when it is in bulk. Overall, emergent 

proper>es provide a new level of explana>on by allowing use to describe the behavior of a bulk system 

in terms of proper>es like temperature, rather than merely detailing molecular movement. On the other 

hand, emergent behaviors refer to the pa3erns or ac>ons that arise from the interac>ons of components 

within complex systems arises. These behaviours can be influenced by the interplay of mul>ple variables 

and can be influenced by stochas>c and hidden processes (e.g., crystalliza>on, enzyme catalysis, micelle 

forma>on). 

Non-linear relaEonships. Non-linear rela>onships exist between causal variables and system-level 

behaviours or proper>es. A small disturbance in a system can be amplified nonlinearly, leading to 

significant effects elsewhere in the system. A common non-linear rela>onship in enzyme-catalyzed 

reac>ons is the Michaelis-Menten mechanism. Enzyme kine>cs state that the rate of the reac>on does 

not increase linearly with the concentra>on of substrate. The non-linear rela>onship arises because the 

enzyme becomes saturated with substrate at high concentra>ons, and adding more substrate does not 

significantly increase the reac>on rate. This behaviour is important in understanding how enzymes 

func>on in biological systems and how they can be regulated. 

System boundaries. Every system has an ar>ficially defined boundary, and the components outside of 

this boundary that interact with the system form its environment. In many cases, the system that is 

defined by the interpreter can be embedded within and become integral components of larger systems. 

For example, one might need to work across disciplinary boundaries and other systems, including the 

physical, ecological, and human systems of the plan, as a prerequisite for understanding the relevance of 

chemistry in addressing different sustainability challenges. Part of crea>ng the boundaries of a system of 

interest is defining the scope and determining on how much to zoom in and out across granular levels. 

Complemen>ng this work, an Interna>onal Union of Pure and Applied Chemistry (IUPAC) project 

called Systems Thinking in Chemistry for Sustainability: Toward 2030 and Beyond (STCS 2030+) was 

launched to bring interna>onal a3en>on and credibility to catalyze change and increase support for ST in 
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chemistry educa>on.115,116 To date, a working group of the IUPAC STCS 2030+ project informally 

proposed the following opera>onal defini>ons of systems-related concepts for implementa>on in 

chemistry educa>on that align with Orgill and York’s work but are more simplified:119 

Systems thinking is the ability to understand and interpret complex problems (ref 120, p 655). A system 

has at least three key characteris-cs: (1) components/parts, (2) interconnec-ons between the 

components, and (3) a purpose [or func-on] (ref 121, p39). Systems exist at mul-ple scales, including 

microscopic, mesoscopic, and macroscopic, with the boundary condi-ons for a given system being 

established typically by its observer. A systems thinking perspec-ve views a system as a whole and not just 

as a collec-on of parts. System thinking comprises both analy-cal and holis-c thinking:114,116–118,122 

iden-fying and examining system components, their organiza-on, causal factors, and system boundaries 

(analy-cal), as well as describing and interpre-ng system-level behaviours, and interac-ons of the system 

with its environment (holis-c). 

This opera>onal defini>on of systems-related concepts will be useful for maintaining consistency in the 

implementa>on, assessment, curriculum development, and research of systems thinking in chemistry 

educa>on (STICE). 

To help illustrate what ST could look like in a chemistry educa>on, consider the following 

simplified example of using ocean acidifica>on as a topic to introduce concepts of dynamic chemical 

equilibrium, solubility, and acid–base chemistry in a first-year chemistry course. When atmospheric 

carbon dioxide (CO2) dissolves in seawater, it combines with H2O to form carbonic acid (H2CO3) molecules 

(Figure 6).123 These molecules then dissociate into bicarbonate ions (HCO3
-) and protons (H+).123 The 

protons will readily combine with the available carbonate ions (CO3
2-) to form more bicarbonate ions.123 

However, the carbonate ions also react with calcium ions (Ca2+) to form calcium carbonate (CaCO3), 

which are required for shells and coral skeletons of marine organisms.123 The solubility of CaCO3 is 

dependent on the pH of the seawater.124 In alkaline condi>ons, the precipita>on of CaCO3 will occur 

spontaneously, while an acidic environment prevents precipita>on and supports dissolu>on.124 

Therefore, when there are fewer carbonate ions due to increased acidity in the ocean, these organisms 

have difficulty producing the calcium carbonate required to build these shells, harming aqua>c life and 

disrup>ng ocean ecosystems.124  
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Figure 6. The behaviour of carbon dioxide in sea water. Reproduced from ref. 123. 

 Many of these steps would typically be presented individually in a first-year chemistry course 

when introducing the chemical concepts. However, we can view the steps holis>cally to analyze the 

interconnec>ons of the chemical concepts and explain how CO2 in the atmosphere can cause harm to 

ocean ecosystems. Students would need to consider the dynamic behaviours of the chemicals involved 

to understand how aqua>c organisms are affected by an increase of CO2 in the atmosphere. The 

educator could further ask students to think about the variables that could cause an increase and 

decrease to CO2 in the atmosphere and how that might change the pH of the ocean and overall effect on 

aqua>c organisms. Carbon dioxide >me-series data that is available from the Mauna Loa Observatory in 

Hawaii can be presented to students to help them iden>fy these rela>onships and effects.125 This 

example could be further extended by asking students to consider the impacts of ocean acidifica>on on 

humans. Ocean acidifica>on offers a relevant and interes>ng context for introducing chemical concepts 

such as gas and water solubility, chemical equilibrium, and acid-base reac>ons using a ST approach. 

Transfer of chemical knowledge to these global challenges, like ocean acidifica>on, is difficult for 

students and needs to be explicitly taught.68,69,126  A ST approach goes beyond providing context to 

chemistry concepts, it allows the students engage in analy>cal and holis>c thinking to understand the 

effect of chemicals in global challenges, as shown by this example. 

The momentum toward using this approach has also led to important conversa>ons and 

concerns about (1) how ST is used in chemistry educa>on and (2) how it differs from exis>ng 

approaches. Chemistry educators commonly think about or use ST as a lens or a tool for teaching and 
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learning chemistry (pedagogy).112,127,128 However, others have used ST to complement the structure and 

organiza>on of chemistry content within a course (curriculum design/development).129,130 Some 

educators consider ST can be used as both a lens for teaching and learning chemistry and a framework 

for curriculum design.67,85 As this approach con>nues to be inves>gated in chemistry educa>on, we will 

obtain more evidence on how ST should or should not be used in chemistry educa>on. 

A few chemistry educators have also iden>fied similari>es and differences between a ST 

approach and exis>ng pedagogical approaches or frameworks to help address educators’ confusion on 

how the approaches are dis>nct.112,128 3-D learning, context-based approaches, problem-based and 

project-based learning are most frequently compared with a ST approach in the literature. 

Some educators have iden>fied parallels and dis>nc>ons of a ST approach and the Next 

Genera>on Science Standards (NGSS) crosscuxng concepts in the Three Dimensional (3-D) Learning 

model.112,128,131,132 3-D Learning is designed to help learners move toward more expert ways of 

understanding and reasoning, built upon three dimensions, (1) disciplinary core ideas, (2) science and 

engineering prac>ces and (3) crosscuxng concepts.131 Disciplinary core ideas are “the disciplinary-

specific concepts that can be used to describe, explain, or understand a wide variety of 

observa>ons”.128,131 Science and engineering prac>ces are “the ways in which scien>sts and engineers 

use knowledge in inves>ga>on and design”.128,131 Crosscuxng concepts “provide lenses through which 

ideas, phenomena, and observa>ons can be connected and explored across disciplines”.128,131 

Meaningful student learning will occur when all three dimensions are integrated into the curriculum, 

instruc>on, and assessment.128,131 3-D Learning was ini>ally intended for K-12 educa>on,133 but the 

framework has been rapidly gaining a3en>on in postsecondary chemistry educa>on.134–137 A ST 

approach explicitly overlaps with two dimensions of the 3-D model which are, (1) crosscuxng concepts 

and (2) science and engineering prac>ces. ST characteris>cs and skills align with many of the NGSS 

crosscuxng concepts which include:112,128,133 

1. Systems and System Models, defining and making models of the system being studied. 

2. Scale, Propor4on, and Quan4ty, cri>cal elements to consider when building a model of a 

system or interroga>ng a system. 

3. Energy and Ma"er, tracking two scien>fically important quan>>es into, out of, and 

within systems. 

4. Stability and Change, ways of describing how a system func>ons and evolves with >me. 
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5. Cause and Effect: Mechanism and Explana4on, inves>ga>ng and explaining causal 

rela>onships and using knowledge of these causes to make predic>ons about system 

behaviour. 

6. Pa"erns, examining phenomena in terms of pa3erns in the organiza>on of system 

components. 

7. Structure and Func4on, considering the organiza>on of system components and the 

proper>es that emerge from interac>ons between components. 

These crosscuxng concepts are described in terms of outcomes rather than empirically derived skills 

and the descrip>on of what cons>tutes a system is rela>vely vague, making crosscuxng concepts not 

completely consistent with a ST approach.112,128 

The eight science and engineering prac>ces in the 3-D framework include, (1) asking ques>ons 

and defining problems, (2) developing and using models, (3) planning and carrying out inves>ga>ons, (4) 

analyzing and interpre>ng data, (5) using mathema>cs and computa>onal thinking, (6) construc>ng 

explana>ons and designing solu>ons, (7) engaging in argument from evidence, and (8) obtaining, 

evalua>ng, and communica>ng informa>on.133 In general, a ST approach only explicitly aligns with 

developing and using models: “In science, models are used to represent a system (or parts of a system) 

under study, to aid in the development of ques>ons and explana>ons, to generate data that can be used 

to make predic>ons, and to communicate ideas to others. Students can be expected to evaluate and 

refine models through an itera>ve cycle of comparing their predic>ons with the real world and then 

adjus>ng them to gain insights into the phenomenon being modelled. As such, models are based upon 

evidence. When new evidence is uncovered that the models cannot explain, models are modified.” (ref 

138, p. 6). However, this descrip>on emphasizes that developing and using models connects naturally to 

other science and engineering prac>ces. Therefore, chemistry educators have emphasized that a learner 

would likely demonstrate ST skills when engaging in the science and engineering prac>ces concurrently 

with the crosscuxng concepts.128 

 Given this alignment between ST and 3-D Learning, educators may use these terms 

interchangeably. However, applying ST to chemistry educa>on does not ensure three-dimensionality. 128 

The 3-D Learning framework focuses on a limited number of disciplinary core ideas, as organizing 

curricula around these core ideas reflects experts’ reasoning with their disciplinary knowledge.23,128 

However, these core ideas may not be explicit when using a ST approach. Instead, the ideas might be 

considered hidden/implicit in the depic>on of a student.128 Pazicni and Flynn (2019) suggest that 

scaffolded learning ac>vi>es can help make chemistry core ideas more explicit to be3er connect 
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chemistry concepts to human experiences via a ST approach.128 Therefore, they claim, “3-D Learning 

could serve as a valuable framework for instructors who wish to construct systems thinking learning 

ac>vi>es or assessments. By combining chemistry core ideas with the cross-cuxng concepts and science 

and engineering prac>ces that leverage Systems Thinking Hierarchy Model skills, instructors can 

generate systems thinking-based learning performances and, in turn, systems thinking assessments and 

learning ac>vi>es.”128  

 Context-based and ST approaches also share similar characteris>cs, leading to chemistry 

educators considering them synonymous.139 A context-based approach uses real-life examples in a 

teaching environment in order for students to learn through prac>cal experience with the subject rather 

than just its theore>cal parts.140 A ST approach can extend a context-based approach where the 

instructor goes beyond puxng a concept in context for students or giving real-world examples in a test 

or exam ques>on. When using a ST approach, students are the ones who put chemistry concepts in 

context which goes beyond an observa>on of facts. Addi>onally, students use higher-order thinking skills 

when contextualizing chemistry concepts in a ST approach such as synthesizing and evalua>ng 

informa>on, explaining and predic>ng phenomena and behaviours, and using metacogni>ve tools.141 

While ST and context-based approach share similar characteris>cs such as contextualiza>on, 

engagement in other higher-order thinking skills from a ST approach might offer other dis>nct benefits 

from context-based learning. Therefore, they should not be considered the same thing. Instead, ST can 

be used as an addi>onal lens for context-based learning which has been implemented in general 

chemistry courses.142,143 

 One paper has also communicated the applicability of ST to project- and problem-based learning 

approaches. Project- and problem-based learning are both “student-centered learning strategies which 

aim at fostering deeper learning through ac>ve explora>on of real-world problems”.144 In project-based 

learning (PjBL), educators guide students through an extended inquiry process which includes working 

collabora>vely to develop a product, tes>ng a prototype/plan, and reflec>ng on the experience.144,145  

The design principles of PjBL have been linked to applicable ST skills.108,144 For example, the design 

principle, use of scien4fic prac4ces, requires students to construct hypotheses, iden>fy variables, 

brainstorm, and engaged in problem solving. Iden>fying variables that cause system-level behaviours is a 

ST skill that overlaps with this design principle. Similar to PjBL, problem-based learning (PBL) prompts 

educators to connect chemistry with real-world contexts and allows learners to solve complex problems, 

independently and collabora>vely.146,147 Nagarajan and Overton argue that both of these approaches, 

“contribute to the systems thinking approach by allowing educators to design real-world problems and 
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projects based on global challenges and engage learners in interdisciplinary learning, thereby 

empowering them to use the gained knowledge to solve global problems of the 21st century”.144 The 

authors give examples of the alignment of Richmond’s seven ST skills to PjBL and PBL in a chemistry 

educa>on context. However, as previously men>oned, these skills are not empirically derived nor 

intended for STEM educa>on. Similar to a context-based approach, contextualiza>on of real-world 

problems is the primary similarity between project- and problem-based learning and ST. A ST approach 

considers these real-life problems as systems and uses specific skills to understand and analyze them, 

poten>ally developing solu>ons dependent on the goal. Therefore, again, ST can be used as a tool that 

complements these approaches rather than replacing them. 

 This sec>on provided an overview of defining systems thinking in chemistry educa>on including 

its intended uses in the field and comparisons to commonly used teaching methods in chemistry 

educa>on. The diversity of perspec>ves of ST approaches to chemistry educa>on is beneficial for 

exploring the variety of ways ST might be relevant to chemistry educa>on; however, the uncertainty 

brings challenges to those who would like to implement it in their courses. The goal of this sec>on was 

to highlight this diversity but also to communicate that educators do not need to start from scratch; ST 

can be a lens added to exis>ng teaching approaches that may offer addi>onal benefits to student 

learning in chemistry educa>on. 

1.2.4 Limited evidence of the impacts of systems thinking 

Some research on ST has been conducted in other disciplines such as Biology, Geoscience, and 

Engineering,100,103,148–154 but there are also a number of ar>cles indica>ng benefits of ST that are not 

supported by research evidence.72,105,107,155–170 Addi>onally, most of these papers focus on the use of ST 

and facilita>ng student learning through ST principles in K– 12 STEM educa>on as opposed to post-

secondary STEM educa>on.101,103,150,151,154,160,166,169,171 

Calls to integrate ST approaches in chemistry educa>on have been made based on the proposed 

benefits of ST from its implementa>on in other disciplines.78,101,112 Since the field of ST is s>ll rela>vely 

new to STEM educa>on, the proposed benefits result from a combina>on of research ar>cles, 

prac>>oner ar>cles and theore>cal pieces. Claims have been made that ST (1) promotes learning of the 

chemistry content (i.e., increasing the mo>va>on and engagement of students to learn science,171  

increased reten>on of content,156,157  and learning content more deeply and conceptually),149,161,162,171–177  

(2) develops knowledge and skills needed for reasoning about chemical phenomena (i.e., improving 

students’ ques>on asking abili>es,171 problem solving,156 and cri>cally thinking skills)174 and (3) prepares 
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students to understand and address complex, real-world problems to promote planetary sustainability 

(i.e., increased abili>es to see connec>ons between and within 

disciplines).72,100,120,161,165,166,168,169,171,173,174,177–184 

Overall, rigorous evidence-based research is needed to determine the effects and impacts of ST in 

chemistry educa>on approaches-emphasizing the importance of our work.66 

1.2.5 A literature review on systems thinking literature across disciplines.  

Despite limited evidence of ST impacts other research on ST can be useful for understanding what 

we currently know about ST in educa>on and how to guide future research in chemistry educa>on. 

Several champions have ini>ated ST research in other STEM disciplines. Assaraf and Orion have 

published research on ST in earth- and geoscience.99,185,185–188 Verhoeff, Boersma, and Waarlo have 

published ST research in biology.98,149,189,190 Hmelo-Silver has worked with several researchers publishing 

ar>cles on ST in biology and environmental science,175,191–194 and Dori, Lavi, and Frank have published 

some studies related to engineering ST.195–203 Most publica>ons in these disciplines focus on the use of 

ST in K-12 STEM educa>on, as opposed to higher educa>on.101 Addi>onally, some research ar>cles on ST 

in biology, environmental science, geoscience, and engineering are somewhat exploratory and have 

primarily focused on students’ development of ST skills.101 The following paragraphs summarize the 

major findings of ST in these STEM disciplines. 

Aligned with cogni>ve load theory, several studies have reported students have difficul>es while 

working with complex systems (e.g., the human body).103,185,186,204,205 For example, secondary students’ 

understanding of biological phenomena tends to focus on macroscopic level features over microscopic 

(e.g., cellular) level features and they have difficul>es understanding and drawing connec>ons between 

these different levels.149,151,185,192,193,206 Addi>onally, students oien find it challenging to iden>fy dynamic 

rela>onships that occur within and between a system's various levels.185,189 Therefore, connec>ons 

between the micro and macro levels must be incorporated into teaching and learning processes by 

explicitly moving back and forth between these levels, rather than teaching them separately.149 Students 

also tend to focus on simple linear rela>onships in systems, and on easily visible components.193,207 

Similarly, some students think about systems in terms of isolated, sta>c components rather than 

considering the complex interac>on of the components in the system.205,208 University students also tend 

to solve complex systems problems using simplis>c arguments.209 However, researchers have indicated 

that “unlike other types of cogni>ve ac>vity, systems thinking is not intui>ve or innate. When thinking 

about a problem, we do not naturally think about all things connected to it and their 
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interrela>onships.”210  This finding is also commonly present in the literature on problem solving.211 

While students have li3le experience thinking with and about systems, these findings suggest that ST is 

not a common way of thinking and the explicit rela>onships between concepts and dynamic thinking are 

typically not taught to students. 

Students need explicit, scaffolded guidance to help them think systema>cally and develop ST 

skills,149,152,191,206,212–214 reitera>ng what we know about how people learn.23,24 ST skills must be explicitly 

taught if they are to be learned rather than through passive engagement in unstructured ST tasks.98,99,101 

Similarly, learning about systems or ST concepts will not help students develop ST skills. Instead, 

students need to learn about ST in tandem with ac>vely applying it to specific contexts.103 For example, 

researchers have found that u>lizing a combina>on of innova>ve learning approaches (e.g., collabora>ve 

learning, real-world learning, mobile learning) in authen>c environments (e.g., field trips, real-world 

context) helped foster undergraduate students’ systems thinking competence in an Environmental 

Studies and Sustainability Development course.215 In the context of sustainable competencies, the 

authors define systems thinking competency as “the ability to recognize the elements in and complexity 

of a system, to understand the interrela>onships of the elements, and to appreciate the impacts of the 

interrela>onships at local, na>onal, and global levels” and state that it cannot be assessed, rather 

inferred from performance.215 Implica>ons from this study suggest that educators should provide 

learners with overall guidance and allow them to decide the content of knowledge they are supposed to 

create, collabora>vely make sense of the content, and contextualize learning in authen>c/real-world 

cases that involve complex interrela>onships.215 The Systems Thinking InTeGrate instruc>onal module is 

another example that demonstrates how to scaffold the development of undergraduate students’ ST 

skills.216  This ST module consists of six units that begin with basic terminology and progress to 

quan>ta>ve modelling in the context of sustainability.216 Aier pilo>ng the module in three 

undergraduate courses (i.e., climate science, environmental science, and oceanography) across three 

colleges, the researchers found that students who completed the en>re module scored significantly 

higher on ST skills assessments than students who completed only one of the six units.216 The module 

also serves as an open educa>onal resource for educators wan>ng to implement ST in their courses and 

addresses efficacy concerns of ST implementa>on in undergraduate courses. 

Researchers also suggest that the ability for students to perceive systems coherently depends on 

scien>fic knowledge and cogni>ve abili>es.99,205 For example, Kali et al. indicate that understanding more 

complex systems (e.g., water cycle or carbon cycle) requires engaging in higher-order ST skills (e.g., cyclic 

and dynamic thinking).103 Development of ST skills may also be linked to students’ content 
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knowledge.101,149,188 This finding is emphasized in compara>ve studies between novices and experts. 

Experts represent complex systems in terms of interconnected structures, behaviours, and func>ons, 

while novices tend to understand systems as isolated structures, showing minimal understanding of the 

system’s func>on and behaviours.192,193 However, with no previous exposure to ST concepts, post-

secondary business school students with strong knowledge backgrounds in mathema>cs and science, 

showed difficul>es with understanding ST concepts, indica>ng that cogni>ve inability is not limited to 

secondary students.100 While scien>fic knowledge and cogni>ve abili>es influence students’ percep>ons 

of complex systems, there are also a range of tools that have been used to help students visualize the 

complexity of systems. 

One way of teaching complex systems to students is explicitly represen>ng the conceptual 

framework by using models or concept maps.217 A concept is considered a fundamental building block of 

knowledge.218 Students can use concept maps as a way to represent their declara>ve knowledge 

structures.132 Concept maps are diagrams that generate a visual representa>on of the rela>onships 

between concepts and provide a framework for an individual’s ideas for a given topic.219,220 Concept 

maps were developed by Novak to represent the cogni>ve structures that exist in a learner’s mind and 

can support learners in construc>ng new knowledge when new informa>on is linked to their prior 

knowledge.219–223 Students’ ST skills can be evaluated by tracking the presence and absence of the 

components in students’ models or concept maps.221 One study iden>fied how high school biology 

students organize their ideas about the human body as a complex system and the ST skills students 

developed over >me by genera>ng concept maps at four strategic points over a 3-year learning 

process.221 The four concept maps were analyzed qualita>vely for each student revealing four learning 

pa3erns: (1) structure to process level, (2) macro to micro level, (3) cellular to organism level, and (4) 

development in complexity of homeostasis mechanisms.221 Conceptual models can also be used to 

engage in ST and are commonly used in model-based systems engineering.132,200 Conceptual models 

differ from concept maps as they use a formal graphical language where there is a differen>a>on 

between several kinds of concepts or en>>es and a variety of rela>onships between the concepts or 

en>>es (e.g., Object-Process Methodology).132,200 However, previous research has shown that students 

oien struggle with developing accurate conceptual models.208,224–226 Other work has u>lized conceptual 

modelling with Object-Process Methodology as a way to evaluate the effect of food-related learning 

units on graduate students’ ST and modelling skills and their understanding of STEM issues.132 The goal 

of this research was to raise teachers’ ST and scien>fic understanding skills as the graduate students 

were prospec>ve teachers.132 The researchers found a significant difference between students with 
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modelling experience and those who were novices, which is supported by previous work that gradual 

long-term processes are needed to develop these skills.132,196,227 

Computer-based learning environments are another method for helping students develop an 

understanding of systems and their behaviour.120,191 Researchers state, “by including assump>ons in 

interac>ve simula>ons for instance, the students can test them, and explore the structure, behaviour, 

and func>on of system”.120,191 This statement was supported by others who argue that “students learn 

more about system behaviour with dynamic computer models rather than when they create sta>c 

depic>ons of system rela>onships”.120,228 Addi>onally, interac>ve virtual environments allow students to 

engage in an authen>c scien>fic prac>ce of using models as tools of observa>on, explora>on, synthesis, 

and predic>on.120,228 Studies show that students demonstrate some ST skills when supported in a 

simula>on-based learning environment but s>ll have challenges with understanding and interpre>ng 

dynamic behaviours.120,228 These studies were conducted with elementary school students sugges>ng 

that their scien>fic knowledge and cogni>ve abili>es might not be fully developed around par>cular 

topics, thus requiring gradual engagement with systemic complexity.120 

Few publica>ons have focused on teachers’ use and implementa>on of ST approaches in other STEM 

disciplines.229–232  These preliminary inves>ga>ons indicate that for teachers to facilitate student learning 

using a ST approach, they need to engage in structured, supported ST ac>vi>es as learners,229,232 receive 

direct instruc>on on how to teach ST concepts,230 and receive ongoing assistance as they integrate these 

methods into their classroom.233 

The findings highlighted above bring a3en>on to areas of ST research that have been inves>gated 

across disciplines and can be used to guide and inform research on ST in chemistry educa>on. 

1.2.6 IniEal efforts to infuse systems thinking in chemistry educaEon 

Members of the chemistry and chemistry educa>on communi>es have been promo>ng a systems 

approach to highlight the centrality of chemistry in these challenges and guide human ac>on toward 

sustainability.64,67,85,234 However, ST approaches have barely been explored in chemistry educa>on. 

Therefore, in 2017, the Interna>onal Union of Pure and Applied Chemistry (IUPAC) launched a global 

project to infuse Systems Thinking in Chemistry Educa>on (STICE).66 The primary goal of this project was 

to develop learning objec>ves and strategies to infuse system thinking at the post-secondary level.235 

IUPAC plays a visible role in preparing the global chemistry community for the future; therefore, this 

ini>a>ve was organized as an IUPAC project to bring interna>onal a3en>on and credibility to catalyze 

change, increasing support for STICE. The STICE project outcomes included, (1) reviewing ST approaches 
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in other STEM fields,101 (2) ar>cula>ng a framework for STICE,66,67 (3) iden>fying aspects of learning 

theories relevant to learning ST skills in chemistry,128 (4) using ST approaches to integrate green and 

sustainable chemistry concepts into university-level chemistry classrooms,236 and (5) iden>fying 

considera>ons for assessing STICE.121 

 A few current publica>ons have also challenged the chemistry profession to transform itself by 

integra>ng systems thinking in the prac>ce of chemistry to more effec>vely prepare future ci>zens and 

scien>sts to address current and emerging global challenges.58,64,65,71,72,82,237–239 Launching the IUPAC 

project, along with calls to explore STICE, prompted the request for publica>ons in a Special Issue of the 

Journal of Chemistry Educa>on: “Reimagining Chemistry Educa4on: Systems Thinking, and Green and 

Sustainable Chemistry”.82 This Special Issue was a star>ng point for STICE, with 43 publica>ons, including: 

31 ar>cles,61,66,67,101,121,128–130,144,236,240–260 6 commentaries,261–266 3 laboratory experiments,267–269 2 

demonstra>ons,270,271 and 1 teaching ac>vity272 (Figure 7). Of the 31 ar>cles, only 1 research ar>cle (CER) 

was published.

 
Figure 7. Overview of the papers published in the 2019 Special Issue on ST in the Journal of Chemical Educa5on. 

Compelling cases were made that: 

“All people would benefit from the ability to interpret, explain, and make more informed 

decisions about issues with deep connec>ons to chemistry, such as those encountered when 

considering two global sustainability ini>a>ves: the UN Sustainable Development Goals and the 

Planetary Boundaries Framework.”66 
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The Planetary Boundaries framework provides a quan>ta>ve evalua>on of nine essen>al earth systems 

crucial for sustainable development.59,66,274  Addi>onally, the UN SDGs, outlined in the 2030 Agenda for 

Sustainable Development and adopted by all UN member states in 2015, serve as a guiding vision for 

fostering peace and prosperity for both humanity and the planet.63,66 Many of the metrics used to 

measure progress in these global ini>a>ves are based on chemical parameters.66,67 Since these 

frameworks are grounded in the molecular sciences, educators proposed using ST approaches to help 

draw out the interconnec>ons among chemistry content and features of these two frameworks to help 

students understand the molecular basis for sustainability.67,85 Detailed examples and explana>ons of 

connec>ons made between chemical content and each framework were published in Nature 

Sustainability (Figure 8 and Figure 9).85 

 
Figure 8. (A) United Na5ons Sustainable Development Goals Framework. Credit: United Na5ons.63(B) Rela5onship between the 

global flow of chemical species containing reac5ve nitrogen and key UN SDGs. Reproduced with permission from ref. 85. 

Copyright © 2019 Nature Sustainability. 
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Figure 9. (A) 2023 update to the Planetary Boundaries Framework. Credit: Azote for Stockholm Resilience Centre, based on 

analysis in Richardson et al 2023.275 (B) Rela5onships between the planetary carbon cycle and Earth system components in the 

framework. Reproduced with permission from ref.85. Copyright © 2019 Nature Sustainability. 

Complemen>ng this work, the authors introduced a new visualiza>on tool called a system-

oriented concept map extension (SOCME), to help learners visualize the interconnected concepts when 

learning about complex systems.85,250 Visualiza>ons and other representa>ons such as concept maps 

have been previously used to support ST and help students navigate the complexity of 

systems.194,250,276,277 However, concept maps are not specifically designed to conceptualize topics in terms 

of ST.250 SOCMEs differ from concept maps by including the iden>fica>on of subsystems and their 

puta>ve boundaries, which is considered a key aspect of defining systems.250 A primary benefit of 

crea>ng a SOCME is the ability to conceptualize the complexity of systems by breaking the system down 

into its subsystems, emphasizing the characteris>cs within chemistry and other science disciplines to 

define the overall system under considera>on.250 The first example of a SOCME was published on the 

anthropogenic produc>on of CO2 gas showing its interconnec>ons concepts and topics as it relates to 

the global carbon cycle (Figure 10).85  
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Figure 10. An example of a system-oriented concept map extension (SOCME) on the topic of anthropogenic produc5on of CO2. 

Reproduced with permission from ref. 85. Copyright © 2019 Nature Sustainability. 

Looking at this example of the anthropogenic produc>on of CO2, the observer can visualize mul>ple 

connec>ons between atmospheric CO2 and other subsystems of interest.85,250 This representa>on invites 

students and educators to examine how substances and processes influence each other, how behaviours 

of the system can change over >me, and how a desired outcome can be obtained by altering the 

quan>ta>ve values of elements in the system.85 However, not every subsystem needs to be discussed in 

a course given the intended learning outcomes.85 Rather, educators can choose to make some of these 

connec>ons explicit that align with the intended learning outcomes of a chemistry course, while 

acknowledging that many others exist- which helps to differen>ate a ST approach from a context-based 

learning approach.85 When SOCMEs are not explicitly taught to students engaging in a ST approach, 

researchers and educators have used the term system maps when students’ visual representa>ons do 

not meet the criteria for a SOCME.278 Therefore, system maps have a broader defini>on that is more 

flexible with its criteria including components, connec>ons between the components, and feedback 

loops.278 The work on SOCMEs and systems maps has been par>cularly important for demonstra>ng 
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ways educators and students can engage with ST approaches in chemistry educa>on; however, 

assessment of SOCMEs and system maps requires more a3en>on. 

1.2.7 Gaps in the literature on systems thinking in chemistry educaEon 

Many of ST resources published have made significant contribu>ons to infusing ST in post-

secondary chemistry educa>on but linked to the need for educa>onal development efforts is the need 

for empirical evidence of ST approaches.66 Only one ar>cle of the 31 ar>cles published was classified as 

chemistry educa>on research in the Special Issue on STICE which focused on providing some insights and 

a tool for assessing student understanding from a ST perspec>ve.121 Therefore, more rigorous, evidence-

based research on the effects and impacts of ST approaches in chemistry educa>on is required to 

determine learners’ conceptual understandings and to mo>vate educators to adopt a ST approach.66,82 

The need for chemistry educa>on research to inves>gate and improve ST approaches was also 

highlighted in a Future Direc4ons ar>cle wri3en by commi3ee members of the IUPAC project.66  

Areas of future ST research that are needed include cogni>ve learning gains, affec>ve domain 

(feelings), long-term transfer of knowledge and skills, and equity, diversity, and inclusion (EDI) in 

chemistry.279 Cogni>ve ST research needs to be conducted to determine how learners’ understandings of 

concepts are influenced by ST approaches to chemistry educa>on. Affec>ve ST research is needed to 

determine how students feel about chemistry when engaging in ST tasks, as affect is found to be 

correlated with both academic outcomes and learner engagement,280,281 and has been connected to 

students’ gender and racial iden>ty.282–284 Approaches to improving EDI must also be explored, as EDI has 

been lacking in STEM learning and professional environments. This includes the underrepresenta>on of 

women and other minority groups in the science profession, which worsens with increased 

seniority.66,285,286 Women’s representa>on in STEM decreases as they progress from high school to post-

secondary educa>on, and from there into the labour market.287 The shortage of women in STEM has 

been widely recognized as detrimental to women, as science and technology occupa>ons are among 

some of the highest-paying and fastest-growing occupa>ons.287  

Students some>mes encounter barriers related to the culture of STEM educa>on along their 

path to earning a STEM degree such as the shared pa3ern of norms, behaviours, and values of STEM 

disciplines.288 The academic environment, including these barriers that students experience in post-

secondary educa>on, influences student performance, engagement, and persistence outside of what 

would be predicted by socioeconomic or academic prepara>on indicators.288 Therefore, it is important to 

bring a3en>on to the culture in STEM educa>on as the cultures that students (in par>cular women and 
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other underrepresented minority groups) experience shape their awareness and understanding of 

standards, expecta>ons, and belongings.288 With the ability to connect chemistry and the broader 

learning environment with experience, culture, and knowledge, students’ experiences with ST could 

have profound influences on feelings of inclusion.66,288 In par>cular, ST approaches could facilitate the 

engagement of rich conversa>ons that are rarely encountered in the chemistry classroom.66 

Addi>onally, while there may be poten>al benefits and opportuni>es from implemen>ng STICE, 

there are also challenges and risks. Educators who choose to implement a ST approach in their course(s) 

will most likely rely on prepared resources to help them get situated using this approach. However, 

currently, there is a limited number of high-quality ST teaching resources available and limited methods 

for assessing or measuring ST competencies.66,120,161,289 Addi>onally, none of these assessment methods 

have been validated, and they are not designed for easy implementa>on in large classes, such as first-

year university courses.66 Beyond individual teaching resources at the course level, there is also a need to 

integrate STICE in curricula and ins>tu>onal, na>onal, and interna>onal educa>on standards to achieve 

widespread adop>on of STICE.250,290,291 However, ST is not the only approach for learning and teaching 

chemistry concepts, and more research is needed to iden>fy what areas of chemistry are most 

appropriate for a ST approach.66 

For ST to be effec>vely implemented in chemistry educa>on and be beneficial to chemistry 

learners, we need to iden>fy how willing chemistry educators are to implement ST approaches into their 

courses, what student, educator, and educa>onal barriers they may face if choosing to adopt a ST 

approach, and their current perspec>ves and beliefs towards STICE. These perspec>ves and beliefs will 

help researchers iden>fy what CER is needed to improve STICE, and what barriers to STICE are essen>al 

to address so that educators are more easily able to enact a ST approach.  

1.2.8 Recent iniEaEves and chemistry educaEon research on systems thinking  

Since the release of the Special Issue, there has been an increased effort in chemistry educa>on 

research and ini>a>ves on STICE aimed to address the gaps in the literature. Some chemistry educa>on 

research has been published on inves>ga>ng educators’ perspec>ves of a ST approach and the 

opportuni>es and challenges for ST implementa>on in chemistry educa>on.139,242,292–295 

Schultz, Delaney, and Ferguson have published two papers on exploring opportuni>es and 

challenges of incorpora>ng ST into secondary and ter>ary educa>on.292,293 The team conducted a series 

of exploratory workshops with secondary and ter>ary educators and researchers in Australia. In small 

group semi-structured interviews, they obtained a deeper understanding how these educators and 
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researchers perceived ST in rela>on to their teaching and research prac>ce. Mul>ple perspec>ves of ST 

were reported by educators, which includes ST could improve outcomes for: (1) student engagement and 

mo>va>on by demonstra>ng the relevance of chemistry to everyday life, (2) student learning by making 

interdisciplinary connec>ons, (3) empowering students by showing the u>liza>on of chemistry, and (4) 

percep>ons of chemistry by envisaging its benefits. However, precondi>ons for obtaining these benefits 

involve overcoming challenges related to curricula (e.g., >me and space, assessments) and support (e.g., 

age-appropriate resources, small classes, and professional learning). Within the same study, the 

researchers inves>gated secondary and ter>ary educators’ and researchers’ perspec>ves of the 

elements of systems thinking, to measure the amenability of 12 chemistry topics important in both 

levels of educa>on.289 Three of the 12 topics analyzed (e.g., energy, food chemistry, atmosphere) were 

rated highly amenable across the five dimensions of ST by both secondary and ter>ary par>cipants. 

Addi>onally, teaching experience was found to be a key factor in determining an educator’s percep>on 

of amenability of topics. This work was the first chemistry educa>on research paper to explore 

educators’ perspec>ves on topics amenable to chemistry educa>on.  

Other researchers in the United Kingdom and the United States have also explored ter>ary 

educators’ perspec>ves of systems thinking in chemistry educa>on in different contexts with similar 

findings. Jackson and Hurst (2021) conducted semi-structured interviews with 14 ter>ary chemistry 

instructors at the University of York,291 and York and Orgill (2024) interviewed 17 ter>ary chemistry 

instructors who specifically had experience using ST in various chemistry courses in North America and 

Europe.295 In addi>on to the benefits previously reported, York and Orgill found that educators perceive 

ST to improve courses and teaching prac>ces and a ST approach allows for interdisciplinary 

collabora>ons with colleagues.295 This work was one of the first to inves>gate ter>ary educators’ 

perspec>ves with experience implemen>ng a ST approach, adding to the limited literature on this topic. 

Despite the poten>al opportuni>es and benefits of ST, all of these studies described above reported 

some challenges and barriers toward ST implementa>on which include, >me and curriculum 

constraints,290,291,294 concerns with the prac>cality and suitability of teaching a ST approach,293–295  

concerns with student workload and resistance,294,295 concerns with learning new content and ways of 

thinking or simply limited knowledge on ST approaches,294 limited instructor resources for teaching a ST 

approach including assessment tools,294 and ST is challenging to implement due to departmental, 

ins>tu>onal, and administra>ve barriers.294 Given that the use of ST approaches is not widespread, these 

challenges need to be addressed to be3er support educators’ implementa>on of ST approaches in 

chemistry educa>on. 



 40 

Inves>ga>ng educators’ perspec>ves on ST was our first contribu>on to ST research by helping 

iden>fy what educators need to prac>cally enact a ST in chemistry educa>on, forming the basis of 

Chapter 2. Our work was also the first ar>cle to use an educa>onal change model to help understand the 

interconnectedness of educator barriers and factors involved and to guide future ac>ons to address 

educator systemic change.139 

Other ST research has focused on inves>ga>ng how students engage with system maps or 

conceptual modelling in chemistry educa>on, the ST skills they demonstrate,110,141 and ways to assess ST. 
110,141,278,296 Chemistry educa>on research conducted by Reynders et al. (2023), Szozda et al. (2023), and 

Schultz et al. (2022) demonstrated that ST approaches incorpora>ng the use of system map, SOCMEs, or 

conceptual modelling can be used to engage secondary and post-secondary students in chemistry 

learning.110,141,278 However, developing system maps and SOCMEs takes >me and effort for both students 

and educators. One common finding across all three studies was the difficulty with assessing ST skills, in 

par>cular, the development of ST skills through analysis of student-generated system maps.110,141,278 

Students’ system maps are impacted by many factors including students’ background knowledge, 

experiences, beliefs, culture.278 From our work, we recommend using mul>ple forms of assessment to 

assess the ST skills showing that students can demonstrate ST skills in mul>ple ways. Reynders et al. 

showed that a par>al SOCME can be used as a teaching strategy in general chemistry and progress was 

made to assess the quality and structural complexity students demonstrated by extending the par>al 

SOCME diagram.110 This work shows the poten>al of implemen>ng and assessing ST approaches in large 

enrolment courses. Schultz et al. (2022) demonstrated, through mul>ple vigne3es, that secondary 

students connected sustainability with chemical processes by labelling their system maps with SDGs and 

posi>ves and nega>ves.275 Using a different approach from system mapping, Talanquer (2019) assessed 

general chemistry students chemical ST skills.296 Specifically, a scenario-based assessment was developed 

to evaluate the extent to which students could apply their understanding of structure-property 

rela>onships and thermodynamics in analyzing a realis>c problem. The assessment of skills revealed that 

most students demonstrated sophis>cated ways of reasoning based on the analysis of the system under 

considera>on. However, most students demonstrated this skill aier significant scaffolding which 

suggests that the type of mechanis>c reasoning that ST demands require >me, scaffolding, and mul>ple 

opportuni>es to prac>ce with forma>ve feedback. Overall, progress has been made toward 

understanding how to implement ST approaches in chemistry using system maps and how to assess ST 

skills, which resulted in two assessment tools for the chemistry educa>on community to use.110,141  
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Only a few papers have inves>gated students’ axtudes and perspec>ves of ST and their experiences 

with ST ac>vi>es. Pe>llion et al. (2019) found students’ responses were generally posi>ve towards a 

revised first-year chemistry curriculum that involved the UN SDGs framework.129 Using a ST perspec>ve, 

the UN SDGs were explicitly linked to the chemistry content using targeted case studies to demonstrate 

the applicability of introductory chemistry concepts to global challenges.129 The student interviews and 

surveys revealed widespread agreement that the UN SDG case studies provided relevance and societal 

importance of chemistry and helped maintain student interest and engagement.129 Addi>onally, many 

students believed the case studies helped them learn the course concepts.129 In another study, An et al. 

(2021) inves>gated whether a ST instruc>onal approach resulted in changes in students’ mo>va>on and 

axtude levels in general chemistry.297  The results of the study found changes in student mo>va>on to 

study chemistry were small to negligible and toward lower levels of intrinsic mo>va>on (i.e., engaging in 

ac>vi>es to feel pleasure and sa>sfac>on), which align with prior affec>ve studies in chemistry.297  

Therefore, the current results do not support the hypothesis that a ST approach will help to induce a 

differen>al posi>ve impact on students’ intrinsic mo>va>on, rela>ve to more tradi>onal approaches.297  

However, the authors postulate a few reasons and study limita>ons to consider for future studies such as 

reaching a bigger popula>on, and the “bigger picture” topics used to highlight a ST approach not aligning 

with universal students’ interests. Our work also contributed to understanding students’ affec>ve 

domain (e.g., perspec>ves) toward ST approaches and was the first to iden>fy the poten>al impact of 

collabora>ve ST approaches toward EDI in chemistry educa>on, described in Chapter 4.88 Efforts have 

also been made to develop ST curricular resources and tools to connect general and organic chemistry 

topic to ideas of climate,111,142,298 global sustainability,67 environment and human health,236,299,300 and 

green chemistry.301–304  The King’s Centre for Visualiza>on in Science (KCVS) has several interac>ve digital 

learning tools to support the integra>on of sustainability and ST into the chemistry curriculum. Planetary 

Boundaries is one tool created that uses the Planetary Boundaries framework to help educators and 

learners connect chemistry content to sustainability via ST.274,305,306  The tool highlights chemistry’s role in 

regula>ng individual biophysical Earth system processes and in determining their control variables as 

well as incorpora>ng aspects of ST such as the dynamic interconnec>ons among the processes and 

control variables.305 The SOCKit is another interac>ve, dynamic, digital tool created recently by the KCVS 

for crea>ng and exploring SOCMEs and facilita>ng ST.307 

A new IUPAC project called Systems Thinking in chemistry for Sustainability: Toward 2030 and 

Beyond launched in September 2020 from the momentum and success of the previous project, 

completed in December 2019. This new project guides an interwoven program of work to extend ST into 



 42 

three strands focused on (1) sustainability, (2) formal chemistry educa>on, and (3) chemical industry.109 

Recently, a working group of this new IUPAC project launched a website dissemina>ng knowledge and 

resources on Sustainability and Systems Thinking in Chemistry Educa>on (SaSTICE).308,309 An educa>onal 

framework to guide and facilitate the applica>on of ST in the planning, implementa>on and assessment 

of chemistry courses was another outcome of the IUPAC project.310 This framework is accompanied by 

examples of the implementa>on of the framework and their associated educa>onal resources found in 

the “Systems Thinking in Chemistry Educa>on” sub-website from the IUPAC SaSTICE project, described in 

more detail in Chapter 6.311 Other frameworks have also emerged in the literature. Tümay (2023) 

developed a framework for implemen>ng ST in chemistry educa>on through chemical thinking and 

meaningful learning in chemistry lens.312 Another framework proposed by Talanquer et al. (2020) adopts 

ST as the underpinning form of reasoning across a core set of competencies along three dimensions 

(e.g., crosscuxng reasoning, core understanding, and fundamental prac>ces) that students should 

develop to analyze and comprehend complex global systems.313 All three frameworks are beneficial for 

understanding different perspec>ves for implemen>ng STICE; however, future research is now needed to 

collect empirical evidence on the frameworks and to iden>fy any limita>ons.  

1.3 Using change models for implemen<ng systems thinking in chemistry educa<on 

Extensive research at the secondary and postsecondary levels has demonstrated the cri>cal role that 

personal and contextual factors play in educators’ decisions to advance instruc>onal change (i.e., 

changes in classroom prac>ces used by an individual).42,43,314–316 As a result, theore>cal support on 

instruc>onal change has posi>oned educators at the center of successful educa>onal reform.315,316 

Addi>onally, empirical evidence in the literature iden>fies that beliefs held by an educator about 

teaching and learning, and their self-efficacy in enac>ng instruc>onal approaches, influence their 

adop>on of new pedagogy.44,318–323 Therefore, characterizing educators’ beliefs, their connec>on to 

instruc>onal prac>ces and the factors that influence them are essen>al to advance instruc>onal 

change.45 Aus>n (2011) explains many factors impact faculty decision-making about their teaching 

prac>ce, beginning with the department and discipline, then including the ins>tu>on and external 

factors.324 Overall, understanding instruc>onal change is challenging because many interconnected 

factors simultaneously influence the individuals involved and the instruc>onal choices that are made.325 

To successfully achieve large-scale transforma>on, a model of change must be used to take into 

account all the interconnected pieces that are relevant to the change being made.325 Change models or 

theories can be defined as “an analy>c construc>on that describes a generalizable set of observa>ons in 
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a descrip>ve and likely predic>ve sense”.317 Therefore, different change models have been proposed 

depending on the scale of change. 

Many scholars have communicated that sustainable educa>onal transforma>on must be driven by a 

systems approach.317,324,326,327 A systems approach is important for highligh>ng several aspects of higher 

educa>on ins>tu>ons that are cri>cal for understanding how and why change does or does not occur.324 

Some factors can support faculty engagement in research-based teaching approaches, while other 

factors, at >mes even the same ones, can serve as hindrances, depending on how they are u>lized.325 For 

example, if a reward system predominately values research, faculty may feel disincen>vized to divert 

>me and energy away from that work.325 However, if substan>al recogni>on and compensa>on are >ed 

to specific instruc>onal achievements, then faculty members will interpret this as an indica>on of the 

ins>tu>onal leadership’s priori>es.325  

One framework created uses a systems approach to iden>fy and understand barriers to change in 

STEM teaching prac>ces and to highlight factors and strategies that relate to individual faculty members’ 

decisions to integrate evidence-based approaches into their teaching prac>ce.324 This framework 

highlights: “(1) individual faculty members bring values, backgrounds, abili>es, and aspira>ons to their 

teaching that relate to the decisions they make; (2) teaching occurs within organiza>onal contexts 

internal and external to the higher educa>onal organiza>on that influence teaching-related decisions; 

and (3) several organiza>onal levers are par>cularly relevant to faculty members’ decision about their 

teaching”.324  The interconnec>ons of the levers and barriers in this framework emphasize the 

dependency of resources on ins>tu>onal funding which may be increased by priori>zing external 

research funding.325 However, such efforts could poten>ally compromise the quality of the student 

experience, poten>ally impac>ng enrollment, or student success rates and consequently having nega>ve 

impacts on tui>onal based resources.325 Overall, the complex interrela>onships that influence faculty 

teaching are fundamentally rooted in human rela>onships and behavioral norms that share the culture 

within each department, discipline, and ins>tu>on.325  

The Teacher-Centered Systemic Reform Model, developed by Woodbury and Gess-Newsome (2002), 

was also created to provide a systemic picture of educa>onal reform and has been empirically developed 

to highlight the influence of educators’ beliefs on their teaching prac>ces.314,318 This model posi>ons 

educators at the center of educa>onal reform by emphasizing educators’ thinking (i.e., knowledge and 

beliefs about teaching and learning) and interconnec>ng their knowledge and beliefs across three 

domains which are, (1) contextual factors (e.g., broader cultural context, ins>tu>onal context, 

department and subject area context, and classroom context), (2) personal factors (e.g., educators’ 
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culture, race, and gender, educators’ affect (e.g., mo>va>on, confidence), types and years of teaching 

experience, nature and extent of educators’ prepara>on to teach, and nature and extent of educators 

con>nued learning efforts), and (3) educator experience. The systema>c nature of this model highlights 

the robust link between educators’ beliefs and willingness to make changes to their teaching.  

We adapted the Teacher-Centered Systemic Reform (TCSR) Model to address the implementa>on of 

ST by chemistry educators (Figure 11), which is described in more detail in Chapter 2.139,318 

 
Figure 11. A STICE perspec5ve of the Teacher-Centered Systemic Reform (TCSR) model (opaque ovals), aligned with poten5al 

STICE educator and educa5onal barriers (outlined boxes) that we probed in the study. Reproduced with permission from ref. 139. 

Copyright © 2022 American Chemical Society and Division of Chemical Educa5on, Inc. 

For educators to enact a ST approach, educa>onal reform efforts need to consider the 

interconnectedness between domains in the TCSR model. Using this model can help iden>fy the various 

contextual levels (e.g., department, ins>tu>on, professional organiza>onal levels) that may influence an 

educators’ willingness to adopt a STICE approach as well as the individual influences such as self-efficacy, 

beliefs about teaching and pedagogical training behaviours. We used the four contextual factors in the 

TCSR, Broader Cultural Context (e.g., professional organiza>ons, curricula, teaching resources, research), 

InsEtuEonal Context (e.g., size of school and grade levels, community demographics and expecta>ons), 

Department and Subject Area Context (e.g., subject area, department demographics and expecta>ons, 

educators’ class load and schedule), and Classroom context (e.g., student demographics, abili>es, affect, 

and personal expecta>ons, teaching resources), since research has iden>fied these factors as prominent 

barriers to instruc>onal change. Addi>onally, we aligned each factor with poten>al STICE educator and 
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educa>onal barriers. Highligh>ng the factors brings a3en>on to the increased efforts needed to 

effec>vely address these barriers.  

 Though research on inves>ga>ng educators’ perspec>ves on ST approaches in chemistry 

educa>on was published when conduc>ng our study,242,292,294,328 our work contributes to a be3er 

understanding of educators’ perspec>ves and contexts in order to effec>vely address their needs.139 

1.4 Using Informa<on Processing Theory to understand how students engage in systems 

thinking 

We used modern informa>on processing theory (IPT) to guide our research in Chapters 3 and 4 as it 

explains how learners would likely use their prior knowledge in a par>cular learning environment (e.g., 

ST interven>on) to determine what components of a topic will be embedded in their system maps 

(Figure 12).141,329 

 
Figure 12. Model of modern informa5on processing theory. Reproduced with permission from ref. 88. Copyright © 2023 

American Chemical Society and Division of Chemical Educa5on, Inc. 

IPT focuses on how people encode informa>on that is learned and (1) relate it to knowledge in their 

memory, (2) store new knowledge in their memory, (3) and retrieve the informa>on as needed.329 

Informa>on processing begins when informa>on (e.g., visual, auditory) enters through sensory 

registers.330 Informa>on that is perceived useful will enter the working memory (WM), where it is 

retained through rehearsal and linked with already stored informa>on in the long-term memory 

(LTM).329,331 The WM is a temporary storage space that holds a limited amount of informa>on for a few 

seconds to minutes whereas the LTM has the capacity to hold informa>on for longer periods (e.g., days, 

months, years). Informa>on in the WM can be encoded into the LTM, which can be influenced by, 

elabora>on, organiza>on, and link with exis>ng knowledge structures.330 Encoding refers to the process 

of conver>ng informa>on into a form that is usable in the brain’s storage system. When learners transfer 
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new informa>on from the WM to LTM, the learner must choose to integrate the new informa>on by 

perceiving it as meaningful and linking it to their prior knowledge.332–334 Doing so, the learner is ac>vely 

construc>ng their own knowledge.128,335,336 Therefore, to help learners connect new knowledge with 

exis>ng knowledge and integrate the new knowledge in the LTM is to present the informa>on in a 

meaningful way and iden>fy and engage with learners’ prior knowledge.337 Modern IPT extended 

beyond this by incorpora>ng learners’ characteris>cs (i.e., beliefs, self-regula>on, culture, and affect) 

and the learning environment as these factors greatly influence learning.128,331 Researchers predict that 

educators can harness a students’ diverse range of prior knowledge in ST approaches beyond just 

chemistry knowledge.128 Each learner can use their prior knowledge to dictate what concepts they 

consider to be part of a system and what concepts do not.128 Therefore, if educators have the goal of 

effec>vely ac>va>ng learners’ prior knowledge then strategies must consider learners’ experiences, 

beliefs, and non-content factors (e.g., axtude, cogni>ve expecta>ons, mo>va>on, self-concept, self-

regulatory strategies, understanding the nature of science, etc.). Harnessing some of these non-content 

factors could affect a learner’s ability to demonstrate chemistry knowledge through ST,128 as relevant 

prior knowledge from a learners’ long-term memory impacts how that knowledge is stored and 

organized.12 

Modern IPT guided the design of a ST interven>on described in chapters 3 and 4. We created a ST 

interven>on where the instruc>on of the tasks followed a progression in which concepts learned build 

upon each other and effec>vely integrated learners’ prior knowledge. 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 interes>ng, informa>ve, or culturally 

relevant to them.88,141 Each student presented this knowledge as a two-dimensional representa>on (i.e., 

concept or system map) and created verbal explana>ons of the knowledge network within each of their 

minds.329 When new informa>on is presented (e.g., from other learners or learning tools), students may 

perceive this new informa>on, use it in their working memory, and integrate it within their exis>ng 

knowledge structures. We used modern IPT to interpret our findings which led to implica>ons for how to 

teach ST based on the experiences and perspec>ves of students engaging in ST tasks.88,141  

1.5 Thesis Overview 

This is a manuscript-based thesis where each chapter contains a published, peer-reviewed 

manuscript of the research that I led or that contributed to during my PhD, except Chapter 5, a 

manuscript in prepara>on. I start each chapter with a brief introduc>on of the mo>va>on behind the 
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work and lessons learned along the way. I draw upon some of the challenges I encountered during my 

PhD that happened before making academic achievements and I emphasize the importance and value of 

mentorship that helped me face these challenges. While these aspects are not typically included in a 

formal PhD thesis, my goal of including these aspects is to (1) challenge the way the academic culture 

talks about success by communica>ng the challenges or “failures” of research that are oien lei out of 

the conversa>on and (2) highlight the role that effec>ve mentorship has in graduate school. By doing so, 

I hope other graduate students can be seen or heard through my personal experiences and help them to 

believe that they can pursue and achieve a graduate degree despite the challenges. 

Chapters 2 to 4 are chemistry educa>on research that I led on ST in collabora>on with other 

members from the Flynn Research Group and Dr. Peter Mahaffy, a collaborator on a Social Sciences and 

Humani>es Research Council (SSHRC) Insight Grant for the ST project. Chapter 5 is a commentary piece 

for a new ST project I helped develop in our research group and Chapter 6 is collabora>ve work with 

Vicente Talanquer as members of the working group for the Systems Thinking in Chemistry for 

Sustainability: Towards 2030 and Beyond IUPAC project. While Chapter 6 is an external contribu>on, it 

deserves a place in this thesis as it complements my work with the Flynn Research Group and has 

contributed my growth as a researcher in chemistry educa>on. Chapter 7 and 8 conclude this thesis with 

future direc>ons I believe are needed for STICE research based on the exper>se and experience I have 

obtained over the last five years and a summary of the work I have contributed to the chemistry 

educa>on community.  
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Chapter 2: Inves'ga'ng educators’ perspec'ves toward systems thinking in 

chemistry educa'on from interna'onal contexts 

2.1 Introduc<on to the manuscript in Chapter 2 

Educa>onal change for new teaching and learning approaches can be slow.1,2 Educators’ beliefs 

about teaching and learning, and personal and contextual factors influence educators’ implementa>on 

of evidence-based instruc>onal prac>ces but there is a paucity of research on this topic.1,2 Several 

chemistry educa>on researchers star>ng inves>ng educators’ perspec>ves on ST including ourselves.3–5 If 

a ST approach is to be successfully integrated in chemistry educa>on, their perspec>ves and contexts 

must be deeply understood so their needs can be addressed. We dive into the research on educators’ 

perspec>ves in this chapter. 

Chapter 2 describes our work on using an educa>onal change model to inves>gate the 

interconnected factors that enable or hinder chemistry educators’ willingness or adop>on of ST in 

chemistry educa>on. We analyzed 56 secondary and postsecondary chemistry educators’ responses 

from an educator ques>onnaire and iden>fied four key themes. We connected our findings to the 

educa>onal change model by indica>ng specific aspects that experts and administrators need to address 

to reduce barriers for STICE implementa>on and engagement.  

This was the first study I conducted during my doctoral studies; therefore, it was not a surprise 

that I encountered challenges such as conduc>ng several a3empts for the educator ques>onnaire. 

Despite my Bachelor of Educa>on background, I was very new to educa>onal research when star>ng in 

the Flynn Research Group as I previously conducted wet-lab photochemistry for my Honours Thesis. 

Therefore, it took me >me to get situated with educa>onal research methods as well as ST and 

chemistry educa>on literature. I conducted two itera>ons of an educator ques>onnaire to inves>gate 

educators’ perspec>ves on ST (Figure 13), which was par>ally due to my learning curve, but I later 

learned this is a normal part of conduc>ng research across all disciplines. 
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Figure 13. Two itera5ons for the development of an educator ques5onnaire. 

Aier analyzing the data from forty-five chemistry educators in itera>on 1, we found the 

informa>on gathered lacked depth and clarity, iden>fying a few limita>ons of the ques>onnaire design. 

The challenges and limita>ons from the first itera>on helped design the second itera>on of the educator 

ques>onnaire which helped to increase the validity of our findings. For example, the Likert scale 

ques>ons in itera>on 1 had numerical scales without qualita>ve labels to indicate the meaning of each 

number. These Likert scale ques>ons made it difficult to interpret responses during analysis. Therefore, 

in itera>on 2, the Likert scales were changed using descrip>ve words and we asked for explana>ons of 

their Likert response. Addi>onally, from itera>on 1, we iden>fied which student and educator ST barriers 

were the most common among chemistry educators, but this ques>on did not tell us the extent of each 

barrier. Thus, in itera>on 2, we altered this ques>on to inves>gate the extent of each ST barrier. Lastly, 

we realized itera>on 1 collected li3le informa>on about educators’ experiences with ST in chemistry 

educa>on, which may influence educators’ perspec>ves toward ST. Therefore, we added a second part to 

the educator ques>onnaire that asked open-ended ques>ons to be3er understand educators’ 

experiences with ST in chemistry educa>on. Addi>onally, the educator ques>onnaire was also provided 
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in French and recruitment text was also sent out through social media and other chemistry divisions’ list 

serves to expand our recruitment and increase sample size. In the first itera>on, we had only recruited 

chemistry educators from the Chemistry Educa>on Division – Chemical Ins>tute of Canada mail list and 

the interna>onal Chemical Educa>on Research mailing list. Comple>ng two itera>ons took more >me 

and effort; however, I learned a lot from the process, and we were able to obtain richer data about 

educators’ perspec>ves towards ST in chemistry. 

I was very fortunate to mentor two undergraduate summer co-op students, Kathryn Bruyere and 

Haylee Lee, who helped with the ini>al qualita>ve and quan>ta>ve analyses of the findings from this 

study. The three of us iden>fied key findings from the data; however, Dr. Alison Flynn prompted me to 

think bigger picture across the findings which led to overarching themes within the data. At this point, I 

became more confident with my qualita>ve analysis skills. This study led to my first manuscript. Since I 

do not consider myself a strong writer and given that formal wri>ng was not taught or assessed in my 

undergraduate degree, Dr. Alison Flynn’s construc>ve feedback, evidence-based wri>ng strategies, and 

pa>ence helped me develop more confidence in my wri>ng abili>es throughout my degree. Helping me 

achieve my wri>ng goal is one aspect of her mentorship I am very grateful for during my PhD. I am also 

very thankful for the guidance and support provided by Dr. Alison Flynn, Dr. Peter Mahaffy (our 

collaborator on the ST project), and the Flynn Research Group who helped me iden>fy some of the 

limita>ons from the first itera>on of the educator ques>onnaire and provided valuable feedback when 

construc>ng and analyzing the second itera>on. The collabora>ve effort of this team led to an outcome 

that was remarkable.  

From itera>on 2, we collected fiiy-six par>cipants’ responses from 10 different countries, which 

is important for understanding how educators are thinking about ST globally. We delved deep into the 

findings through a manuscript we published in the Journal of Chemical Educa>on, which has received 

over 1050 views and has been used to guide addi>onal efforts on educators’ perspec>ves in chemistry 

educa>on. 
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ABSTRACT: Systems thinking in chemistry education (STICE) has been
proposed as an approach that could better equip students with abilities to connect
their chemistry knowledge with other disciplines and with the skills needed to
tackle complex global issues. However, educational change in chemistry is a
complex effort that involves many interconnected factors that enable or hinder
chemistry educators’ adoption of new pedagogical approaches. Using an adapted
version of the Teacher-Centered Systemic Reform (TCSR) model, we
investigated factors that connect with chemistry educators’ willingness and
ability to implement a STICE approach in their courses. We surveyed a group of
56 secondary and postsecondary chemistry educators from ten different countries,
to capture chemistry educators’ perspectives toward a STICE approach. Through
thematic analysis of responses, we identified four key themes as follows. Theme 1:
Educators’ willingness and ability to implement STICE is influenced by their knowledge, beliefs, experiences, contextual and
personal factors; Theme 2: Educators report experiences with aspects of STICE without knowing or specifically calling it ST; Theme
3: Some educators implement limited aspects of STICE when teaching chemistry in context; and Theme 4: The ratings of barriers
can guide priorities for educational change efforts. This paper discusses specific aspects of the reform model that experts and
administrators can address to reduce barriers to implement and engage with STICE. We also highlight future chemistry education
research that is needed to explore specific aspects of educators’ perspectives and STICE more broadly.
KEYWORDS: Chemical Education Research, Systems Thinking, Transfer, Qualitative Analysis, General Public, First-Year Undergraduate,
Second-Year Undergraduate, Upper-Division Undergraduate, Curriculum

■ INTRODUCTION
Chemistry is critically involved in tackling complex challenges,
such as those prioritized with the United Nations’ Sustainable
Development Goals (SDGs),1,2 which include climate change,
affordable and clean energy, and good health.3−6 The 17 SDGs
provide a framework for developing a sustainable planetary
society by the target date, 2030, and require a holistic
understanding of the interactions involving chemistry and
connections to other disciplines.1,7,8 However, current
approaches in chemistry education often lack the connections
to other disciplines and global issues, particularly in large
enrollment courses and on assessments.9 In many courses, facts
are learned in silos where emphasis is placed upon detailed
descriptions of fundamental, yet narrow, principles.10−12

Consequently, learning discrete, unconnected facts out of
context limits learners’ abilities to apply knowledge and skills in
new contexts, such as understanding how chemical processes
impact and are impacted by societal, economic, political, and
environmental factors.3,10,12

Building the capacity to achieve the SDGs and expectations
of a 21st century workplace requires evidence-based
approaches to postsecondary STEM education. Recent
compelling international calls have been made to reorient

chemistry education using a systems thinking (ST) approach.9

ST has been proposed by chemistry educators as part of an
approach to chemistry education that could bridge the
disciplines and more effectively educate the next generation
of scientists and prepare citizens for their roles on a rapidly
changing planet.2,6

Research on ST in other disciplines suggests there would be
strong benefits for introducing systems thinking in chemistry
education (STICE).13−17 However, rigorous educational
research is needed to determine effects and impacts of
STICE approaches.3 Moreover, educators would need to be
willing, able, supported, and rewarded in making such
profound changes to their courses.
While there may be benefits and opportunities from

implementing STICE, there are also challenges and risks. If
ST approaches are to be successfully integrated in chemistry
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education, educators’ perspectives and contexts must be deeply
understood so that their needs can be addressed. These aspects
play critical roles in educators’ decisions to advance instruc-
tional change, based on extensive research at the secondary
and postsecondary levels (e.g., educators’ ability to make
course or program changes).18−20 Additionally, beliefs held by
educators about teaching and learning and their own abilities
influence their adoption of new pedagogy.21,22

The lack of an operational definition of ST remains a
challenge for its practical implementation in the chemistry
education community. An IUPAC project called Systems
Thinking in Chemistry for Sustainability: Toward 2030 and
Beyond (STCS 2030+) was launched to bring international
attention and credibility to catalyze change and increase
support for STICE.23,24 To date, working group 2 of the
IUPAC STCS 2030+ project informally proposed the
following operational definitions of systems-related concepts
for implementation in chemistry education:24

Systems thinking is the ability to understand and interpret
complex problems (ref 25, 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 30, p 39). Systems exist at multiple scales,
including microscopic, 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:23,26−29 identifying and examining system compo-
nents, 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).
This operational definition of systems-related concepts will

be useful for maintaining consistency in the implementation,
assessment, curriculum development, and research of systems
thinking in chemistry education (STICE).
The Special Issue of the Journal of Chemistry Education

“Reimagining Chemistry Education: Systems Thinking, and Green
and Sustainable Chemistry” was a great starting point for
providing a range of STICE resources (e.g., ST activities,
demonstrations, laboratory experiments, technology-based
learning resources).31 However, there are still limited ST
teaching resources available among chemistry courses and
limited methods for assessing or measuring ST competen-
cies.3,25,32 None of these assessment methods have been
validated and are not designed to be easily implemented in
large classes, such as first year chemistry university courses.3

Beyond individual teaching resources at the course level, ST
approaches in chemistry courses need to be aligned with
curricula at institutional and national levels, and international
education standards to achieve widespread adoption of
STICE.33−35 However, ST is not the only approach for
learning and teaching chemistry concepts, and more research is
needed to identify what areas of chemistry are most
appropriate for a ST approach.3 The present study is designed
to investigate educators’ perspectives about and knowledge of
STICE, as to date, little is known about this critical group’s
perspectives.
Goals and Research Questions

The overarching goal of this project is to investigate and
prioritize the current actions and future research needed to

help chemistry educators practically enact ST approaches. In
this study we addressed the following research question: What
are educators’ knowledge about and perspectives on
implementing STICE?
To conduct this study, we created and released a

questionnaire to capture chemistry educators’ perspectives
globally toward a STICE approach. The findings from this
questionnaire have two purposes: (1) to guide the creation of
potential solutions to overcome educator barriers to determine
the feasibility of the ST approach in different contexts and (2)
inform future actions to address educator systemic change and
additional CER that is needed to increase efforts of chemistry
educators implementing STICE.
Theoretical Framework
Several contemporary empirical models on instructional
practices have been developed to highlight the influence of
educators’ beliefs on their teaching practices.19,36 We adapted
the Teacher-Centered Systemic Reform (TCSR) Model to
address the implementation of ST by chemistry educators.21

This model positions educators at the center of educational
reform by placing an emphasis on educators’ thinking and
interconnecting their knowledge and beliefs across three
domains, which are (1) contextual factors, (2) personal
factors, and (3) educator experience (Figure 1). The domains
highlight the robust link between educators’ beliefs and
willingness to make changes to their teaching. Additionally,
this model explains the multifaceted systemic nature of
education as each domain is aligned with potential STICE
educator and educational barriers. Since our research focuses
on thoroughly understanding educators’ perspectives and
contexts, we identified educators’ current ST barriers and
used the TCSR model to understand the factors involved.
Highlighting these factors brings attention to increased efforts
needed to effectively address these barriers. If educators are to
enact a ST approach, educational reform efforts need to
consider the interconnectedness between the domains in the
model.

■ METHODS

Instrument for Data Collection

We developed a three-part questionnaire to capture educators’
perspectives. Part 1 of the questionnaire used a combination of
Likert-scale questions and open-ended questions aimed to
identify chemistry educators’ current knowledge of STICE,
identify how much flexibility educators have for implementing
new teaching approaches (e.g., flexibility related to structural
constraints, policies imposed by institution, departmental
expectations), identify how much educators are willing to
implement a ST approach, and determine potential student
and educator barriers that may prevent educators from
practically enacting this approach. We evaluated 11 educa-
tor/educational barriers aligned with the four domains of the
TCSR model that have been previously proposed by educators
(Figure 1).
Part 2 investigated participants’ experiences with STICE

using open ended questions. We provided a definition and five
essential characteristics of STICE.8,10,23 These essential
characteristics include the following: (1) recognizing a system
as a whole, not just as a collection of parts, (2) examining the
relationships between the parts of a system and how those
interconnections lead to cyclic system behaviors, (3)
identifying variables that cause system behaviors, including
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unique system-level emergent behaviors, (4) examining how
system behaviors change over time, and (5) identifying how
knowledge of chemistry connects to social, technological,
economic, and environmental systems at work in our world
(multidisciplinary).23

Subsequently, the questionnaire asked educators to choose a
category that best represented their experience with STICE.
The options include the following: (1) I have not implemented
ST into the course(s) I teach, (2) I have implemented ST into
the course(s) I teach, or (3) I have implemented ST principles
into the course(s) I teach. We designed Categories 2 and 3 to
distinguish educators who explicitly (2) and implicitly (3)
implement STICE. These categories guided participants to
answer several open-ended questions related to their
experience and perspectives on STICE based on the category
chosen, requiring a written response. The questionnaire further
asked educators who had experience with STICE to identify
which aspects of STICE they incorporate into their courses.
Therefore, we explored how STICE is being taught, practiced,
and assessed in their courses, when they started implementing
STICE into their course(s), resources they use, resources they
need, and how they overcome barriers associated with ST.
Part 3 of the questionnaire included demographic questions

related to teaching (e.g., institution at which they teach,
educational role, years of teaching, courses they teach), gender,
culture, and race (details in Supporting Information).
Participants

Fifty-six chemistry educators from ten different countries
participated; they represented a combination of high school
and postsecondary educators who identified as a woman, man,
or nonbinary, and teach a range of chemistry courses. This
research received approval from the University of Ottawa’s
Office of Research Ethics and Integrity (#H03-20-5585).
Data Analysis

Qualitative analysis first began by reviewing the open-ended
response data thoroughly and highlighting significant features

of the data related to the research question. Each question
involved open coding using NVivo 12 to ensure we did not
miss any information, and that we coded all content as
effectively and as accurately as possible.37 Next, we sorted the
list of codes and organized into categories. Throughout the
coding process, we engaged in constant comparative analysis
and critically debated the presence/absence of codes.38 We
refined the codes and grouped the codes multiple times
throughout the coding process until no new codes were
generated. Then, we synthesized the categories that were
similar in nature and derived themes depending on how they
related to the research question. Authors also considered the
prior knowledge of ST and noted it throughout the analysis.
Writing memos helped communicate the coding process and
emerging patterns, categories, and themes in the data among
the researchers.38 The record of memos helped ensure
confirmability and dependability of the analysis.39 Overall,
we analyzed the data using thematic analysis.40,41 We
addressed the validity of the findings using well-established
methods (details in the Supporting Information).42,43

We carried out a quantitative analysis for the Likert scale
questions related to knowledge, flexibility, willingness to
implement STICE, years of teaching experience, experience
with STICE, and the student and educator/educational
barriers questions. A Spearman’s rank correlation test
determined any relationships among these factors.44 We
conducted Kruskal−Wallis tests to determine whether there
was a statistically significant difference in the average extent of
educator/educational barriers between the experience groups.
In the following sections, we describe the main findings,
starting with the key themes that emerged.

Figure 1. A STICE perspective of the Teacher-Centered Systemic Reform (TCSR) model (opaque ovals), aligned with potential STICE educator
and educational barriers (outlined boxes) that we probed in the study.
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■ RESULTS AND DISCUSSION

Theme 1: Knowledge, Experience, Beliefs, Personal and
Contextual Factors Influenced Educators’ Willingness to
Implement STICE

Most participants (93%) gave a neutral to positive response
about their willingness to integrate STICE into their course(s)
(Figure 2). A full 55% of these participants were only
somewhat likely to integrate STICE into their course(s),
making us suspect that barriers or beliefs were affecting their
ability or desire to implement STICE. No participants chose
“not at all likely”, which is a positive finding for the future of
STICE adoption.
Five categories of factors influenced educators’ willingness to

implement STICE: knowledge of STICE, experience with
STICE, beliefs about STICE, and contextual and personal
factors (Figure 3). Contextual factors had the largest influence
on educators’ willingness to implement STICE. Participants
(55%) indicated that their willingness would depend on
availability of teaching resources, curriculum coverage,
research-based evidence, and time constraints to learn and
implement STICE (Figure 3). Time and curriculum coverage
limitations have also been recently emphasized as main
limitations to implement STICE by other researchers,
highlighting the substantial need for change in these areas.45,46

For successful adoption of STICE, there needs to be
increased efforts for educational change at the departmental,
institutional, and administrative levels (e.g., departmental
STICE training, institutional policy changes, restructuring of
curriculum, and assessments) as participants most frequently
reported those four contextual factors as potential barriers to
implement STICE. Reward and promotion practices have also
been concrete ways in which institutions incentivize educators’
choices in their educational efforts.47

Educators were likely to implement STICE due to their
experience, beliefs, and feelings toward STICE. Seven
participants mentioned they have created or are creating a
plan to implement STICE into their courses or they are already
implementing STICE. These planned or existing experiences
correspond to the high willingness to implement responses in
the Likert scale question (Figure 2).
Educators had two common categories of beliefs about why

they would be willing to implement STICE: (1) ST helps with
student skill and knowledge development and (2) STICE is
important for helping shape the future of chemistry and society
(Table S2). When participants were asked, “Do you think it is
important for educators to implement a ST approach to their

courses? Why or Why not?”, the same beliefs emerged with the
addition of another common belief that ST increases student
engagement for learning chemistry (Table S2). All educators
who had one of these beliefs reported having experience with
implementing STICE, which suggests that the importance of
STICE and its benefits may emerge through their teaching
experiences. Support of these findings are represented by
recent publications from other STICE researchers who have
investigated chemistry educator perspectives and have
obtained similar results.45,48 While these findings represent
positive perspectives about STICE, not all educators’ beliefs
were positive about the importance of implementing STICE.
For example, some educators believe there are issues with
implementing STICE due to curriculum requirements and
time constraints, both aligning with the contextual factors
previously identified.
Educators also believe that there is a certain course level that

is appropriate for implementing STICE. Educators gave two
main reasons: limitations of students’ skills and knowledge
levels and the curricular change required by ST. Specifically,
some educators believe it would be difficult to implement
STICE at an institution without every educator doing it. If an
educator was the only one to implement STICE into their
course within their department, they were concerned about
how implementing STICE would affect other colleagues who
depend on the prerequisite knowledge for subsequent courses
they teach and how it would impact students learning in upper-
level courses. Such a situation commonly arises in first year
chemistry courses (i.e., general chemistry).
To better understand educators’ beliefs, future research is

needed to (1) investigate when ST should be implemented in
students’ educational careers, along with the specific benefits
and challenges it might provide for students at each course
level and (2) determine if all educators are required to
implement STICE in a program or at an institution for it to be
effective.
Educators’ feelings (personal factors) for trying new

teaching approaches corresponded to higher willingness to
implement STICE. Some educators were interested in learning
about new teaching approaches (n = 6) and were willing to try
new approaches (n = 3). On the other hand, two educators
mentioned they would likely integrate STICE if the approach
aligned with their teaching values or current teaching
approach. This finding aligns with aspects of STICE that
educators want to learn more about (e.g., how STICE can be
integrated in current teaching approaches) (Figure S4).

Figure 2. Educators’ likelihood of integrating STICE into their course(s) (N = 55).
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The educators’ roleanother personal factorhad an
influence on educators’ ability to implement STICE (n = 9)
(Table S5). Generally, educators who were the only instructor
for their course reported to have more flexibility for
implementing new approaches compared to educators who
taught one section of a large enrollment course or cotaught
courses. This finding suggests that certain teaching contexts
and roles may be viewed as a greater barrier to implement new
approaches due to the collaborative nature of the job and the
requirement that all instructors teaching that course may need
to have similar views on how they plan on teach the content.
Future research is needed to investigate how STICE can be
effectively implemented in different teaching contexts that
require educators to have similar perspectives.
Social pressure is an implicit and hidden factor that also

emerged from analysis, affecting educators’ flexibility to
implement new teaching approaches (Table S5). Specifically,
social pressure from colleagues was reported to restrict
educators’ freedom to implement new approaches. Research
on change in universities and colleges has demonstrated that
systemic change occurs when a concerted effort is made by
senior leaders (i.e., Deans, Department Chairs) in an
institution to motivate their colleagues and obtain buy-in for
change.49,50

In comparison to other predictor variables that were
investigated through the questionnaire (i.e., flexibility,
experience with STICE), knowledge of STICE was the only
factor that showed a correlation with educators’ willingness to
implement, based on Spearman’s rank correlation test, rs =
0.457, p < 0.001, bias corrected accelerated 95% confidence
interval [0.184, 0.674], a medium effect size (Table S3).51

Seventeen participants indicated they would consider
implementing STICE if they had more knowledge about
STICE and/or how to implement STICE, which is consistent

with educators’ reported low level of knowledge of STICE
(Figure S2). Most participants were interested in learning ways
to effectively implement and integrate STICE in a course or
classroom and how to integrate STICE with other teaching
pedagogies. Additionally, educators wanted specific examples
and applications of STICE being implemented and assessed by
chemistry instructors along with teaching and learning
resources and assessment tools and examples to integrate
STICE into their course(s). Assessment tools and teaching
resources were the most frequently reported resources that
educators would need to implement STICE. On the basis of
the efforts to date that have aimed to infuse ST approaches in
chemistry education, our results indicate there is a need for
professional development opportunities focused on building
educators’ understanding of ST perspectives and demonstrat-
ing how to facilitate and integrate ST approaches to chemistry
courses.3

Experts and policy makers may find the adoption of
educational change models to be helpful in guiding future
direction of the STICE.18,49,52 Specifically, in order for
educators to change their willingness to adopt STICE
approaches, efforts need to be made to increase educators’
knowledge of STICE, minimize contextual factors primarily at
the administrative level, and help align ST approaches with
educators’ values and current teaching approaches (personal
factors).
Theme 2: Educators Report Having Experience with STICE
without Knowing or Specifically Calling it ST

Comparing educators’ definitions and level of knowledge of
STICE with their chosen category of experience, we found that
educators may have experience with STICE without knowing
about STICE or calling it systems thinking. In arriving at this
conclusion, we first confirmed that chemistry educators’ self-

Figure 3. Factors that influence educators’ willingness to implement STICE.
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reported level of knowledge about STICE was consistent with
their definitions (from part 1 of the questionnaire). For
example, over half of the participants indicated they had little
to no knowledge of STICE; therefore, not surprisingly, 18 of
these participants only indicated one characteristic of ST in
their definition (Figure S5). The six characteristics of STICE
that emerged from educators definitions were as follows: (1)
ST is a holistic approach/involves big picture thinking, (2) ST
involves interconnections between concepts/topics/disciplines,
(3) ST is an approach that applies chemistry to other contexts,
(4) ST involves looking at variables that cause behaviors and
outcomes, (5) ST involves understanding and analyzing
complex systems, and (6) STICE recognizes that systems are
embedded in chemistry.
The second part of the analysis compared educators’

reported level of knowledge with their level of experience,
which they self-reported after being provided with a definition
of STICE. Fifteen participants who reported little or no
knowledge about STICE had no experience with implementing
STICE, while 16 participants within both knowledge groups
(no or little knowledge) reported they had implemented
STICE or implemented ST principles into the course(s) they
teach (Figure 4). Figure 4 shows one participant self-reported
thorough knowledge about STICE and no experience with
implementing STICE. This participant may have had no
experience with STICE due to their current role as a graduate
student, which may have limited their ability to implement
STICE into a course.
Considering that over half of the participants reported they

had little to no knowledge about STICE, participants may not
have known the extent of ST or never heard of ST but have
been implicitly embedding ST principles and characteristics
into their teaching. For example, one participant recognized
they implement ST in one of their courses but realized they
had never called it ST:

Although I’ve never called it systems thinking (or thought of
it as something different), it seems to be what I’ve been
doing in this one course.
If chemistry educators were to become more knowledgeable

about STICE, they will need to understand how to make
changes to their current teaching approaches to better
encompass a ST approach. Future research on STICE will be
needed to determine the extent of adaptation made to
chemistry educators current teaching pedagogy when ST
approaches are integrated with the curriculum and program
standards. Therefore, STICE educational change may be easier
to achieve than expected as chemistry educators may not need
to make huge modifications to their current teaching approach
due the overlap of ST characteristics.
Theme 3: Some Chemistry Educators Implement Limited
Aspects of STICE When Teaching Chemistry in Context

Our findings show that some educators primarily implement
one aspect of STICE (i.e., teaching chemistry in context)
which is considered the main similarity between STICE and
context-based approaches (Figure 5). While ST and context-
based pedagogies share characteristics, there are important
differences (Figure 5).23 Context-based learning has been
shown to have benefits to chemistry education;53−57 however,
encompassing more aspects of ST in the field of chemistry
education may offer other distinct benefits for student learning
as they are able to engage in more higher-order thinking skills,
previously shown in other disciplines.
We arrived at this conclusion by looking at how educators

described how they implemented or how they planned to
implement ST into their course(s). Four categories emerged
from participants’ responses on how they implemented or
planned to implement ST: (1) 54% emphasized specific
characteristics of STICE (e.g., focus on holism/bigger picture
when teaching chemistry, teach causal behaviors of a system,
and teach chemistry contexts within real-world context), (2)

Figure 4. Educators’ self-reported knowledge of STICE before receiving a STICE definition and educators perceived experience after receiving
STICE definition.
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18% gave general ways to incorporate STICE into learning
(e.g., STEM projects, curriculum, designed and applied
activities), (3) 14% use a different teaching approach to
incorporate aspects of ST, and (4) 22% do not explicitly state
how they implement STICE.
Thematic analysis revealed that educators primarily imple-

ment aspects of STICE characteristics in the following ways:
(1) teaching chemistry with emphasis on societal and/or
environmental context, (2) incorporating real world con-
nections and applications of chemistry into their teaching, or
(3) giving an example how connections to real life applications
are taught in their chemistry course(s). These ways are aspects
of STICE, but miss some important aspects needed to truly
achieve a STICE approach (Figure 5).
Additionally, participants’ responses mentioned they incor-

porate real world connections of chemistry and indicated they
include essential characteristics of STICE (e.g., recognizing a

system as a whole, not just as a collection of parts, identifying
variables that cause system behaviors) into their course(s), but
they did not explicitly describe or explain how they
incorporate these essential STICE characteristics into their
teaching. Therefore, there is no concrete evidence that shows
how educators implement a STICE approach. This result leads
to the question: How do we know if educators are using a
context-based approach rather than a STICE approach?
These findings show that efforts are needed to bridge

knowledge of STICE and implementing STICE in educators’
teaching. This knowledge gap may be addressed by clearly
defining the criteria required to integrate STICE (e.g., what is
required of the learner and instructor) as currently it remains
unclear in the literature due to the vast range of definitions of
STICE.48 Results of these efforts will help educators
distinguish similar teaching approaches (e.g., context-based,
problem-based, and inquiry-based learning, life cycle analysis,
and multivariate reasoning) from STICE approaches, which
will allow educators to identify the specific aspect of their
current teaching that would need to be adapted to adopt a ST
approach. Educators will then be able to better assess their
feasibility and flexibility of integrating this approach to their
course(s).
Theme 4: Rating of Barriers Can Guide Priorities for
Educational Change Efforts

Educators reported the extent of educator and educational
barriers for implementing STICE into their course(s) (Figure
6, Table S8). The weighted averages of each barrier show that
educators’ expertise on ST and barriers related to limited time
and resources (i.e., limited time to learn and teach STICE,
limited teaching resources and assessments) are perceived to
have the greatest extent as barriers to STICE. Educators’
expertise reported as a larger barrier indicates participants
knowledge and/or experience may be a predictor for chemistry
educators’ willingness to implement STICE. Due to our

Figure 5. Similarities and differences of system thinking approaches
and context-based learning adapted with permission from ref 27.
Copyright (2020) American Chemical Society.

Figure 6. Extent of educator and educational barriers for STICE self-reported by chemistry educators. Circled values represent weighted averages
of the extent of each barrier; these are approximations as the data are categorical.58
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limited sample size, we were unable to proceed with
conducting a regression to test this hypothesis.
Additionally, there is a need for these types of resources to

be developed for a range of chemistry courses. One participant
who creates their own learning activities stated they “spend a
lot of time (and some internal funding) to develop new
learning resources and learning activities”. Minimizing barriers
related to time to teach and learn STICE can be achieved with
two key actions: (1) more openly available resources and (2)
more effort to support the transition for educators to adopt this
approach (e.g., professional development workshop and
activities, textbooks, embedding STICE within curricula or
guides to implementation). These actions will allow chemistry
educators to spend less time trying to learn and develop their
own resources, decreasing the extent of this barrier toward
implementing STICE. To date, there have been several
webinars on STICE;59 however, educators reported they
want hands-on STICE experiences (Table S6).
Limited evidence-based research is considered a moderate

barrier, which is understandable since little evidence is
currently available about the effectiveness of the STICE
approach.3 At the same time, chemistry educators may not
know the extent of STICE literature available.
On the other hand, educators’ flexibility for implementing

STICE and educators’ expertise in chemistry were mostly
perceived as not being a barrier or slightly a barrier for enacting
a STICE approach to their course(s). The reason flexibility for
implementing STICE may be perceived as less of a barrier is
because participants have a high level of flexibility for
implementing new teaching approaches in general (Figure S1).
Lastly, participants were most unsure about the lack of depth

in chemistry as a barrier to STICE. This barrier relates to the
perception that implementing STICE would come at the
expense of depth of coverage of chemistry content. These
educators might not have a clear understanding of how STICE
might impact the depth of coverage of chemistry content due
to the lack of educators’ knowledge about STICE.
We hypothesized educators’ level of experience with

implementing STICE may influence the extent of each barrier.
Two of the 11 educator/educational barriers showed a
significant relationship with educators’ experience with
STICE. These educator barriers were as follows: limited time
to teach ST skills to students (H(2) = 7.504, p = 0.023, ER2 =
0.1501, medium effect size) and educators’ comfort level with
implementing STICE (H(2) = 6.511, p = 0.039, ER

2 = 0.1356,
small to medium effect size) (Figure S9). In other words, once
participants have experience with STICE, they may perceive
barriers to have less of an impact than participants who have
no experience with STICE. Accordingly, helping educators
gain even some experience in STICE could propel further
change.
Educational change models will likely help overcome these

barriers to implementing STICE. A focus on educating
educators about STICE may help educators understand how
ST might impact the depth of content coverage in chemistry
and might influence their willingness to implement a STICE
approach. Addressing contextual factors will allow educators to
have teaching resources and assessment tools to be able to
implement STICE and may increase their willingness to
implement if STICE is integrated within curricula and
evidence-based research shows it to be effective in specific
learning contexts. Overall, efforts made toward educators’
knowledge and contextual factors may result in more concerted

efforts by chemistry educators to implement ST into their
teaching practice.

■ CONCLUSION
To overcome educational challenges related to implementing a
STICE approach, educators’ perspectives and contexts need to
be thoroughly understood in order to effectively address their
needs. Educational change models can be adopted to help
understand the interconnectedness of educator barriers and
factors involved and guide future actions to address educator
systemic change. We investigated chemistry educators’ knowl-
edge of and perspectives about STICE to inform departmental,
institutional, and administrative initiatives to implement
STICE.
We found that educators’ knowledge (i.e., low level of

knowledge about STICE), contextual factors (i.e., willingness
depends on availability of teaching resources, curriculum
coverage, research-based evidence, and time constraints to
learn and implement STICE), and personal factors (i.e.,
STICE approach needs to align with their teaching values or
current teaching approach) all negatively influenced educators’
willingness to implement a STICE approach. Therefore, efforts
of change need to be made toward these three areas of the
educator change model, to increase educators’ willingness to
adopt STICE approaches.
Educators reported experiences with STICE without

knowing or specifically calling it ST; however, generally
educators only considered that they implemented STICE by
teaching chemistry concepts and topics in context. Therefore,
efforts need to be made to clearly distinguish the requirements
of a STICE approach for the instructor and learner and how
educators’ current teaching approaches (e.g., context-based
learning) can be adapted to encompass the requirements of
STICE.
Lastly, participants’ ratings indicated that some educational

barriers related to educators’ knowledge and contextual factors
require more attention for change than other barriers.
Our results support the value of the TCSR model as a

framework to develop instructional change for STICE, and it
may empower educational administrators and policy makers to
consider the multifaceted nature of change when working with
chemistry educators.

■ ASSOCIATED CONTENT
*sı Supporting Information

The Supporting Information is available at https://pubs.ac-
s.org/doi/10.1021/acs.jchemed.2c00138.

Details about the methods, participants, data analysis,
and themes as well as the code books (e.g., themes,
categories, description of categories, and representative
quotes) for this study (PDF) (DOCX)

Educator perspectives questionnaire (PDF) (DOCX)

■ AUTHOR INFORMATION
Corresponding Author

Alison B. Flynn − Department of Chemistry and Biomolecular
Sciences, 10 Marie Curie Pvt, Faculty of Science, University of
Ottawa, Ottawa, Ontario K1N 9A7, Canada; orcid.org/
0000-0002-9240-1287; Email: alison.flynn@uottawa.ca

Journal of Chemical Education pubs.acs.org/jchemeduc Chemical Education Research

https://doi.org/10.1021/acs.jchemed.2c00138
J. Chem. Educ. 2022, 99, 2474−2483

2481



 90 
 

Authors

Alisha R. Szozda − Department of Chemistry and
Biomolecular Sciences, 10 Marie Curie Pvt, Faculty of Science,
University of Ottawa, Ottawa, Ontario K1N 9A7, Canada

Kathryn Bruyere − Department of Chemistry and
Biomolecular Sciences, 10 Marie Curie Pvt, Faculty of Science,
University of Ottawa, Ottawa, Ontario K1N 9A7, Canada

Hayley Lee − Department of Chemistry and Biomolecular
Sciences, 10 Marie Curie Pvt, Faculty of Science, University of
Ottawa, Ottawa, Ontario K1N 9A7, Canada

Peter G. Mahaffy − Department of Chemistry and the King’s
Centre for Visualization in Science, The King’s University,
Edmonton, Alberta T6B 2H3, Canada; orcid.org/0000-
0002-0650-7414

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jchemed.2c00138

Author Contributions

ARS and ABF conceived the project and designed the
methods, in collaboration with PGM. ARS collected the data.
ARS analyzed the data with contributions from KB (qualitative
data analysis) and HL (quantitative data analysis). All authors
contributed to discussing results and forming conclusions. ARS
wrote the first draft of the manuscript. ABF and PGM edited
and revised the manuscript.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
ARS thanks Canada’s Social Science and Humanities Research
Council (SSHRC) for funding through a Canada Graduate
Scholarship−Doctoral Scholarship. We thank SSHRC for
funding through an Insight Grant.

■ REFERENCES
(1) United Nations Sustainable Development Goals. http://
sustainabledevelopment.un.org/ (accessed on February 23, 2022).
(2) Pazicni, S.; Flynn, A. B. Systems Thinking in Chemistry
Education: Theoretical Challenges and Opportunities. J. Chem. Educ.
2019, 96 (12), 2752−2763.
(3) Flynn, A. B.; Orgill, M.; Ho, F. M.; York, S.; Matlin, S. A.;
Constable, D. J. C.; Mahaffy, P. G. Future Directions for Systems
Thinking in Chemistry Education: Putting the Pieces Together. J.
Chem. Educ. 2019, 96 (12), 3000−3005.
(4) Jerrentrup, R. The Effects of the Financial Crisis on the Future of
the Chemical Industry. J. Bus. Chem. 2009, 6 (1), 3−6.
(5) Jun, Y. G. Friend or EnemyChemistry in Crisis (Chinese Ed.);
Tianjin People’s Publishing House, 2011.
(6) Matlin, S. A.; Mehta, G.; Hopf, H.; Krief, A. One-World
Chemistry and Systems Thinking. Nat. Chem. 2016, 8 (5), 393−398.
(7) Anastas, P. T.; Zimmerman, J. B. The United Nations
Sustainability Goals: How Can Sustainable Chemistry Contribute?
Curr. Opin. Green Sustain. Chem. 2018, 13, 150−153.
(8) Mahaffy, P. G.; Matlin, S. A.; Holme, T. A.; MacKellar, J.
Systems Thinking for Education about the Molecular Basis of
Sustainability. Nat. Sustain. 2019, 2 (5), 362−370.
(9) Mahaffy, P. G.; Krief, A.; Hopf, H.; Mehta, G.; Matlin, S. A.
Reorienting Chemistry Education through Systems Thinking. Nat.
Rev. Chem. 2018, 2 (4), 126.
(10) Orgill, M.; York, S.; MacKellar, J. Introduction to Systems
Thinking for the Chemistry Education Community. J. Chem. Educ.
2019, 96 (12), 2720−2729.
(11) Alien, R. T. Reductionism in Education. Philos. Inq. Educ. 1991,
5 (1), 20−35.

(12) Holme, T. A.; Hutchison, J. E. A Central Learning Outcome for
the Central Science. J. Chem. Educ. 2018, 95 (4), 499−501.
(13) Verhoeff, R. P.; Knippels, M.-C. P. J.; Gilissen, M. G. R.;
Boersma, K. T. The Theoretical Nature of Systems Thinking.
Perspectives on Systems Thinking in Biology Education. Front.
Educ. 2018, 3 (40), 1−11.
(14) Assaraf, O. B.-Z.; Orion, N. Development of System Thinking
Skills in the Context of Earth System Education. J. Res. Sci. Teach.
2005, 42 (5), 518−560.
(15) Frank, M. Engineering Systems Thinking and Systems
Thinking. Syst. Eng. 2000, 3 (3), 163−168.
(16) Lavi, R.; Dori, Y. J. Systems Thinking of Pre- and in-Service
Science and Engineering Teachers. Int. J. Sci. Educ. 2019, 41 (2),
248−279.
(17) Fanta, D.; Braeutigam, J.; Riess, W. Fostering Systems Thinking
in Student Teachers of Biology and Geography − an Intervention
Study. J. Biol. Educ. 2020, 54 (3), 226−244.
(18) Lund, T. J.; Stains, M. The Importance of Context: An
Exploration of Factors Influencing the Adoption of Student-Centered
Teaching among Chemistry, Biology, and Physics Faculty. Int. J.
STEM Educ. 2015, 2 (1), 13.
(19) Gess-Newsome, J.; Southerland, S. A.; Johnston, A.; Woodbury,
S. Educational Reform, Personal Practical Theories, and Dissat-
isfaction: The Anatomy of Change in College Science Teaching. Am.
Educ. Res. J. 2003, 40 (3), 731−767.
(20) Stains, M.; Harshman, J.; Barker, M. K.; Chasteen, S. V.; Cole,
R.; DeChenne-Peters, S. E.; Eagan, M. K.; Esson, J. M.; Knight, J. K.;
Laski, F. A.; et al. Anatomy of STEM Teaching in North American
Universities. Science (80-.) 2018, 359 (6383), 1468−1470.
(21) Woodbury, S.; Gess-Newsome, J. Overcoming the Paradox of
Change without Difference: A Model of Change in the Arena of
Fundamental School Reform. Educ. Policy 2002, 16 (5), 763−782.
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Chapter 3: Iden'fying chemistry students’ baseline systems thinking skills when 

construc'ng system maps for a topic on climate change 

3.1 Introduc<on to the manuscript in Chapter 3 

Students and educators are stakeholders of a ST approach; therefore, both of their perspec>ves 

and experiences on ST need to be inves>gated to best understand how ST approaches might be 

implemented and used in chemistry educa>on. Research on these areas has been scarce and use 

without this research can be counterintui>ve if educators are not informed of best prac>ces for ST 

implementa>on and if students are not obtaining the proposed benefits of ST. Therefore, we decided to 

create studies that inves>gated educators’ and students’ perspec>ves and experiences to help bridge 

these gaps in the literature.  

In addi>on to conduc>ng our educators’ perspec>ves study, we designed a ST interven>on to 

help us understand students’ experiences with and perspec>ves of ST ac>vi>es. We strategically created 

the ST interven>on to inves>gate mul>ple research ques>ons for the overarching ST project. These 

ques>ons were created based on areas of future ST research indicated in the literature which include 

cogni>ve learning gains, affec>ve domain (feelings), and equity, diversity, and inclusion.1 Given the 

volume of data we collected from this interven>on, this chapter only focuses on students’ cogni>ve 

learning gains from the ST interven>on.  

In this study, we inves>gated chemistry students’ baseline ST skills during ST ac>vi>es without 

being taught ST prior to the ST interven>on. We were interested in learning about what ST skills students 

do and do not demonstrate naturally during ST tasks, to understand aspects of ST that need more 

emphasis when teaching ST skills to students and when guiding learning ac>vi>es and other 

assessments. While other disciplines have inves>gated students’ ST skills,2–4 these studies were primarily 

conducted with K–12 students and not within a chemistry context. Therefore, our study focused on 

assessing eleven ST skills that aligned with five characteris>cs of ST in chemistry educa>on proposed by 

Orgill and York (2020).5 Emily Duhart, an Honours student in our research group at the >me, helped sii 

through the ST literature to iden>fy poten>al ST skills that we could analyze based on the design of this 

study. I am very thankful for both Emily’s and Mann’s help with this project. 

Eighteen undergraduate students par>cipated in the study and the manuscript in this chapter 

communicates these students’ baseline ST skills when engaging in the ST ac>vi>es during the ST 

interven>on. 
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The second part of this chapter communicates the findings from eight graduate students who 

also par>cipated in this study. There are two reasons why we decided not to include the graduate 

students’ ST skills data in the manuscript: (1) We felt that adding addi>onal findings to the manuscript 

would overwhelm the reader as there are many findings from the undergraduate student data alone, 

and (2) The small sample size for graduate students limited the ability to draw strong conclusions about 

the comparisons between the undergraduate and graduate student data. Mann Ali-Nour, an Honours 

student, analyzed the graduate student data separately by using the same analy>cal procedure. I provide 

a brief comparison of the undergraduate and graduate data in Chapter 3.4 and an explana>on of why 

these findings must be interpreted with cau>on. 

Iden>fying how to analyze the ST skills was the most challenging aspect of this project, as very 

li3le is known about how to assess ST skills in chemistry. I now understand and empathize with 

chemistry educators who have indicated assessment as a barrier to implemen>ng ST in chemistry 

educa>on. Because assessment methods are lacking for ST in chemistry educa>on, we incorporated 

several frameworks and models from the educa>onal and chemistry educa>on literature into an 

assessment tool for certain ST skills. Given the >me and effort put into determining how to assess each 

skill, we provided a detailed descrip>on of how each of the skills was assessed in the suppor>ng 

informa>on and created an adaptable ST rubric for the chemistry community to use as a tool for 

assessing ST.  My hope in providing these resources is to make it easier for other researchers and 

educators to inves>gate ST skills, rather than star>ng from the beginning. 

Our work provides a star>ng point for understanding how to assess ST skills in chemistry 

educa>on. Despite this work, the assessment of ST skills in chemistry educa>on remains a topic that 
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ABSTRACT: New resources have recently been emerging for educators to
implement systems thinking (ST) in chemistry education, including a proposed set
of ST skills. While these e!orts aim to make ST implementation easier, little is
known about how to assess these skills in a chemistry context. In this study, we
investigated ST skills employed by students who constructed system maps of a
topic related to climate change. Eighteen undergraduate chemistry students from
first- to third-year participated in this study. We designed and implemented a ST
intervention to capture how students engaged with three ST tasks, performed
individually and collaboratively. In our analysis, we focused on 11 ST skills that
aligned with five characteristics proposed in a recent study. We found that participants demonstrated most of these ST skills when
engaging with the ST tasks, with nuances. Participants’ system maps: (1) lacked concepts and connections at the submicroscopic
level, (2) included multiple types of connections but few circular loops and causal connections, (3) lacked causal reasoning, although
participants did predict how their system maps changed over time, (4) demonstrated the breadth of connections but did not
describe human connections to the underlying chemistry of climate change topics. These findings identify aspects of ST where
chemistry educators need to place emphasis when teaching ST skills to chemistry students and when guiding learning activities and
other assessments. Using our findings, we created an adaptable ST rubric for the chemistry community as a tool for assessing ST
skills.
KEYWORDS: Systems Thinking, Qualitative Analysis, First-Year Undergraduate, Second-Year Undergraduate,
Upper-Division Undergraduate, Assessment

■ INTRODUCTION
Consequences from the human transformation of materials in
the Anthropocene era have led to emerging global challenges
that include global climate change, air pollution, loss of
biodiversity, and stratospheric ozone depletion.1,2 Since
chemistry plays a significant role in the chemical and physical
transformations of these materials, citizens and scientists need to
consider and explore chemistry’s role in addressing these
sustainability challenges.1,3
Members of the chemistry and chemistry education

communities have recently been promoting a systems approach
to highlight the centrality of chemistry in these challenges and
guide human action toward sustainability.1,4−12 However, a
systems thinking (ST) approach is not commonly taught in
chemistry courses, leaving graduates unprepared to use the skills
needed to tackle these complex global issues. Moreover,
educators are inadequately equipped to teach ST in their
courses, including the necessary knowledge, instructional
resources, and assessment methods.
The proposed benefits of ST from other disciplines propelled

interest for implementing ST in chemistry education.13−17 The
Special Issue of the Journal of Chemical Education: “Reimagin-
ing Chemistry Education: Systems Thinking, and Green and
Sustainable Chemistry” included a range of ST resources (e.g.,

activities, characteristics and skills, demonstrations, laboratory
experiments, technology-based learning resources).18 Addition-
ally, an operational definition of systems-related concepts in
chemistry education has been informally proposed by a working
group of the IUPAC Systems Thinking in Chemistry for
Sustainability: Toward 2030 and Beyond (STCS 2030+)
Project:19,20

• Systems thinking is the ability to understand and interpret
complex problems (ref 21, 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 22, p 39). Systems exist at
multiple scales, including microscopic, 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
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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).23−27

Despite all these e!orts, only a few studies have focused on
assessment related to ST in chemistry education and there are
no studies that have investigated how chemistry students
naturally engage with ST learning activities (e.g., no prior
knowledge on ST).9,10,12,22,28,29 While educators’ perspectives
have indicated limited time to implement and teach ST as
barriers of STICE,20,30,31 the next steps involve understanding
where educators need to place emphasis when teaching ST to
students. To know what to emphasize, there is a need to identify
what ST skills students are able to readily demonstrate and what
skills need more explicit sca!olding in instruction, so that
instructional time can be used e!ectively and e"ciently.
The present study is designed to assess ST skills aligned with

five characteristics of STICE (Figure 1).23 These five character-

istics align with the key aspects of STICE stated in the
operational definitions provided by the IUPAC STCS 2030+
working group, which is important for maintaining consistency
in the implementation and assessment of ST.
Goals and Research Questions
In this study we addressed the following research questions:

• RQ1: What ST skills do undergraduate chemistry
students use without sca!olding to construct system
maps?

• RQ2: To what extent do undergraduate chemistry
students identify parts of a system (e.g., components,
relationships, organization, emergent behaviors, system
behaviors, boundaries, and granularity)?

We investigated these research questions to achieve our
overarching goal: to identify the baseline skills employed by
undergraduate students constructing visual representations of a
topic related to climate change, which we refer to throughout as
system maps.12 To conduct this study, we designed and
implemented a ST intervention to capture how students engage
with three ST tasks related to climate change. We chose climate
change as a topic to guide the ST tasks 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 participants are given to apply
their knowledge to a real-world situation or context.
We aimed to achieve two goals in this study: (1) identify ST

skills students do and do not readily demonstrate so that
educators can be informed onwhich skills to explicitly sca!old in
their instruction and (2) inform educators and researchers on
how to be purposeful when deciding which ST skills to teach,
including what prompts to use to elicit ST skills.

■ METHODS
Instrument and Procedure for Data Collection
We developed a ST intervention that could capture ST skills as
chemistry students demonstrated them (Figure 2). This
intervention included (1) a pretest (cognitive and a!ective
instruments and a ST question), (2) three ST tasks, and (3) a
post-test (the same cognitive and a!ective instruments and a
demographic survey), all completed in one virtual session. We
analyzed all instruments for content validity through experts (N
= 2). Data from the cognitive and a!ective instruments are not
presented in this manuscript but details of these instruments are
provided in the Supporting Information S1.1.
This study focused on the three tasks designed to elicit ST

skills, individually and collaboratively. To start, participants
connected to a virtual session via a zoom link and signed an
electronic consent form. The first author (AS) introduced the
study and explained the process. Participants then completed a
pretest followed by three ST visualization tasks, each of which
took approximately 25 min to complete. Throughout the
intervention, AS prompted participants to answer questions on a
Google Form (details in the Supporting Information S3).
In the first task, participants individually created a systemmap

on an online collaborative whiteboard platform called Miro.
During this task, participants chose one of five topics on climate
change, listed concepts related to their topic, and considered
chemistry concepts at di!erent levels of granularity on the
Google Form. Next, participants created a system map on their
topic to show the connections between the concepts they listed.

Figure 1. Five characteristics of systems thinking in chemistry
education. Adapted with permission from ref 32. Copyright (2020)
American Chemical Society.

Figure 2. Design of the systems thinking intervention used in this study.
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During task one, participants also provided responses to
questions that asked them to describe and explain how their
system map would change when removing a concept.
Within the second task, participants engaged with an online

interactive visualization tool to expand their system map
called the Design Our Climate (DOC) simulation. The DOC
simulation is designed to teach citizens about the combination of
mitigation strategies that have the greatest potential to reduce
greenhouse gas emissions at the global level.33 Participants first
explored the simulation on their own for 5 min and wrote down
any relevant information for their system. Next, they watched a
short video explaining how to navigate the simulation.
Participants then continued to explore the simulation and
were prompted to expand their system map based on relevant
information they took away from the simulation.
During the third task, AS placed participants in groups of two

to three. Participants shared and explained their individual
system maps with each other and combined them to form a new
system map. Participants completed several questions individ-
ually and as a group related to making comparisons between
their group and individual system maps.
After completing these tasks, participants completed the post-

test instruments and were invited to participate in follow-up
interviews to help us gain a better understanding of how students
interacted with each task in the intervention. This article will not
focus on the findings from these interviews.
Context and Participants
This study was conducted with undergraduate students at the
University of Ottawa and received ethics approval through the
institution’s O!ce of Research Ethics and Integrity (#H03-20-
5585). Participants were recruited via course online platforms
from any undergraduate chemistry course (taught in English
only) in the Fall 2020 semester. Due to the pandemic, data
collection for this study took place entirely through online
platforms (i.e., Zoom, Miro, Google Forms).
Eighteen students ranging from first- to fourth-year at the

University of Ottawa participated in this study, who had all taken
or were taking at least one university chemistry course. All
participants provided informed consent.
Theoretical Framework
This research is guided by two overarching theoretical
frameworks: (1) modern information processing theory (IPT)
and (2) concept map theory.
IPT focuses on how people encode information that is learned

and (1) relate encoded information to knowledge in their
memory, (2) store new knowledge in their memory, (3) and
retrieve the information as needed (Figure 3).34 Advances have

been made to IPT to incorporate learners’ characteristics (e.g.,
decisions, self-regulation, culture, and a"ect) and the learning
environment into the theory, now formally called modern
IPT.35,36
Researchers predict that when engaging in ST, each learner

will activate a diverse range of prior knowledge from their
memory beyond just chemistry knowledge.1 Therefore,
instructors need to consider strategies for engaging learners’
prior knowledge e"ectively, which can also include learners’
experiences, beliefs, and noncontent factors (e.g., attitude,
cognitive expectations, motivation, self-concept, self-regulatory
strategies, understanding the nature of science).
Modern IPT guided our research by explaining how learners

would likely use their prior knowledge in a particular learning
environment (e.g., ST intervention) to determine what parts will
be embedded in their systems and what parts do not (e.g.,
components, relationships, organization, granularity, system
behaviors). More information about how this theory is
embedded into the three ST tasks can be found in the
Supporting Information S1.3.
In all tasks, concepts can be retrieved from long-termmemory

and arranged in working memory to form a mental model of the
problem. Mental models are internal cognitive representations
that learners use to organize a vast amount of information in an
environment into a meaningful system and can be used in
generating external representations.34 These external represen-
tations can take many forms, including concept maps, which can
be used in assessment.37−41

Concept mapping has the potential to measure aspects of how
students incorporate facts and concepts into a pre-existing
framework of knowledge.42 In concept mapping, a student
makes connections between a series of concepts related to a
particular topic (referred to as concept-links and cross-links)
using arrow lines with a statement (propositions/linking words)
written above the line describing how the concepts are related.38
The result of this process is a two-dimensional diagram
representing their knowledge framework.38
In the study, we used a modification of a well-known concept

map scoring method (structural) to assess participants’ system
maps.38 Since participants were not specifically asked to
construct a concept map, we use the term system map
throughout this manuscript to best describe the visual
representations constructed by the participants. We determined
the number of concepts and connections along with their
organization in a system map. Concepts, connections, and
explanations were not evaluated for correctness as we were not
interested in evaluating their knowledge on the subject. A
detailed scoring method for participants’ system maps used in
this study can be found in the Supporting Information S1.8.
Analytical Framework

The scoring method for concept maps was only useful for
assessing skills related to concepts, connections, and organ-
ization of systemmaps. Skills related to behaviors, the breadth of
connections (e.g., human, environmental, societal), and the
types and explanations of connections in system maps needed
additional methods of assessment. Because assessment methods
are lacking for STICE, we incorporated several frameworks and
models into an assessment tool for certain ST skills. The details
of each framework are explained in the sections below.

Network Motifs. We used an adapted network motifs
framework to understand what types of connections participants
made in their system maps. The network motifs in thisFigure 3. Model of modern information processing theory.
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framework include multiple inward connections (two or more
arrows pointing toward a concept), multiple outward connections
(two or more arrows pointing out from one concept), indirect
connection (extended linear connection), moderated connections
(an outward connection with the branches closed by an arrow
linking back to a concept), circular loop (arrows are connected to
concepts in a circular pattern and end back at the original
concept).43 These connections increase with complexity in the
order they appear.
Modes of Reasoning.The reasoning framework commonly

used in the chemistry education community helped us
understand how students explain connections in their system
maps.44−46 We analyzed students’ connections based on modes
of reasoning, which include descriptive, relational, linear causal,
and multicomponent causal.44−47 Descriptive reasoning con-
tains evidence of surface level features or properties to describe
the connection between concepts.44 Relational reasoning
describes the connection between concepts only in a correlative
fashion.44 Linear causal and multicomponent causal reasoning
both describe cause and e!ect relationships between concepts.
Linear causal reasoning only includes single variables that are
connected directly to an e!ect, whereas multicomponent causal
includes multiple interconnected factors and variables.44 We

were unable to determine the frequency of each mode of
reasoning in this study because we did not explicitly ask
participants to describe each connection made in their system
maps. Instead, this framework served to provide evidence on the
di!erent ways students explained connections in their system
maps.

Granularity. Granularity is another dimension of the
reasoning framework that we used to determine how
participants made connections to macroscopic and submicro-
scopic levels.46 Participants’ concepts and connections were
categorized at seven scalar levels, consistent with macroscopic
(e.g., phenomena, application, chemical application and
examples, and chemical properties and processes) and
submicroscopic (e.g., molecular, atomic, and subatomic) levels
of organization. Definitions and examples of each level of
granularity are presented in the Supporting Information S1.8.

Environmental and Sustainability Triangular Model.
To identify the breadth of connections in participants’ system
maps, we adapted a triangular model that focuses on three
di!erent aspects of environmental and sustainability issues, (1)
society, (2) individual, and (3) nature, along with their
relationships to each other, with the added context being
chemistry aligned with our study.48 The society context is

Figure 4. Overview of qualitative analysis procedure for ST study.

Figure 5. Eleven ST skills chosen for assessment with alignment to five characteristics of STICE.
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related to student’ conceptions, norms and values about the
social, economic, and political organizations and functions.48
The individual context focuses on students’ conceptions related
to human beings confronted with environmental issues related
to climate change.48 The nature context focuses on students’
conceptions of the phenomenon of climate change.48 This
model was chosen to identify the connections participants made
to di!erent contexts and topics. Definitions of the interrelated
contexts are described in the Supporting Information S1.4.
We used these frameworks and models because they aligned

with the intended outcomes of the ST skills we chose to assess.
Data Analysis

We analyzed the data using well-established methods in
qualitative analysis (Figure 4).49,50
Qualitative analysis first began by transcribing the audio files

and assembling all the data in Microsoft Excel (i.e., transcribed
audio scripts, responses from Google Forms, and system maps
on the Miro board) to ensure we did not miss any information
on how participants demonstrated ST skills (see Supporting
Information S1.6 for an example and explanation of the process).
Next, we determined the ST skills from the literature to ensure
we considered all aspects of ST for assessment. Our search for
ST skills began by examining existing literature published on ST
skills, characteristics, learning outcomes, or competencies across
disciplines such as engineering, chemistry, biology, geoscience,
earth science, business, geography, public health, and systems
dynamics. We aligned the skills from these disciplines to the 15
skills for STICE proposed by York and Orgill.23 To capture
other relevant aspects from our literature search, we made slight
modifications to the 15 skills, creating a total of 20 skills. Our
modifications along with critiques of each skill from ST literature
are provided in the Supporting Information S1.7. Based on the
data, we chose 11 ST skills for assessment that aligned with the
five characteristics of STICE (Figure 5). ST skills not used in
analysis along with reasons to exclude these skills can be found in
Table S3 in the Supporting Information. We assessed the 11
skills as they are articulated in science education research
literature. We coded data aligned with each skill deductively
using preexisting terms or frameworks from the literature (e.g.,
concept mapping, network motifs, reasoning framework,
triangular model of aspects of environmental and sustainability

issues).38,43,44,48,51 Codebooks for assessing these skills along
with related details can be found in the Supporting Information
S1.8.
After coding the data for each of the 11 skills, we created

graphs and visualizations to determine the key findings. Next, we
sorted the key findings and organized into categories while
critically debating the presence/absence of codes.52 Then, we
synthesized the categories similar in nature and derived themes
based on the research questions. Writing memos helped
communicate the coding process and emerging patterns,
categories, and themes in the data among the researchers.53
The record of memos helped ensure confirmability and
dependability of the analysis.54 We addressed the validity of
the findings using well-established methods such as content
validation, triangulation, disconfirming evidence, and peer
debriefing, justified in the Supporting Information S1.5.55,56 In
the following sections, we describe the main findings, starting
with the key themes that we discovered from our analysis for
both research questions.

■ RESULTS AND DISCUSSION

RQ1: What ST Skills Do Undergraduate Chemistry Students
Use without Sca!olding to Construct System Maps?
Most participants demonstrated the 11 ST skills when engaging
with the ST tasks (Figure 6).
The first ST characteristic, system as a whole (blue, Figure 6),

assessed four ST skills in which all 18 participants demonstrated
the ability to identify components of their system (e.g., concepts
in a concept map) and organize the components within a
framework of relationships.
Of the participants, 15 also identified levels of organization in

their system while only nine demonstrated the ability to think
back and forth between these levels (i.e., macroscopic and
submicroscopic). Going back and forth between the macro-
scopic and submicroscopic levels is an important feature of
learning in chemistry; however, learners typically struggle with
switching back and forth between these levels of representation,
which is emphasized in our findings.57−61

We assessed only one skill for the second ST characteristic:
interconnections (orange, Figure 6); all participants demon-
strated this skill (i.e., identifying connections).

Figure 6. Systems thinking skills participants demonstrated when assessing the skills based on how they are worded from the literature.
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Participants varied in terms of their ability to demonstrate
three ST skills related to the third ST characteristic: behaviors
over time (purple, Figure 6). Behavior over time skills require
learners to understand the nonlinearity of a system where
multiple variables can influence system behaviors.23 However, in
chemistry curricula, instructors commonly teach single reactions
or multiple reactions in linear sequences. Therefore, students
may find systems that involve multiple nonlinear behaviors quite
challenging.62 Our results suggest that students may not have
much prior experience dealing with complex dynamic systems in
chemistry courses because skills related to behaviors over time
were demonstrated less by participants.
The fourth ST characteristic, emergent behaviors (green,

Figure 6), assessed one skill (i.e., identifying emergence) and
only eight participants demonstrated this skill. To identify
emergence, one must distinguish a property or behavior that will
result from considering interactions between parts of a system.1
We assumed participants had no prior knowledge about ST and
prompted participants by asking them to “identify any
similarities and di!erences between each system map” in the
group task. The following quote represents an example of a
participant identifying an emergent property (i.e., transporting
goods e"ciently and being conscious of the environment) when
comparing two individual system maps with topics on
transportation and land use and agriculture:

“In terms of the transportation subject, had very similar
points. [Participant 8] had more to do with researching new
ways while mine was more about implementing existing
ways that are more ef f icient. We were able to relate
agriculture and land use to our topic through the transport
of goods ef f iciently and being conscious of the environment.”
In all cases, participants who identified emergence observed a

property at the macroscopic level opposed to the submicro-
scopic level. Chemistry involves many chemical processes that
lead to phenomena observed at the macroscopic level but take
place at a molecular scale, requiring learners to understand these
invisible processes and think back and forth between these levels
of representation.62 While our goal was to only identify if
students could think about emergence, future research will need
to explore students’ ability to consider interactions between
chemical substances at the molecular level.

Lastly, at least 14 participants demonstrated two skills related
to the fifth ST characteristic: boundaries (yellow, Figure 6) (i.e.,
(1) consider the role of human action on the system and (2)
consider how the system contributed to a larger system). The
first skill was assessed by looking for any connection a
participant included that described how human action
influences their system map. For example, one participant
indicated an action humans can implement to stop climate
change: “The most impactful choice we can do to stop climate
change is to drive less and carpool more of ten.” For the second skill,
we looked for connections participants made to climate change
because each of the topics participants chose at the start of the
ST intervention was embedded with climate change (a larger
system).
Skills related to boundaries are unique as they can emphasize

the e!ects of human actions and policies on chemical and global
systems, but have not been an essential focus in several lists of ST
skills.63,64 From a chemistry perspective, acknowledging the
implications of decisions in the chemistry laboratory and actions
on di!erent systems (e.g., political, social, economic, and
environmental) at local, national, and international levels is
critical for e!ectively addressing global challenges such as
climate change.63
These findings contribute to answering our first research

question by identifying the skills that undergraduate chemistry
students naturally use when constructing system maps without
explicit sca!olding of STICE. However, when completing our
analysis, we realized certain ST skills are composed of multiple
aspects and participants demonstrate some of these aspects less
frequently or not at all. For example, the skill for
interconnections looks at students’ ability to make connections
between components in their system. However, we need to look
deeper at the types of connections students make in their system
map (e.g., ST aspects) because literature has suggested it is
important to identify cyclic behaviors within a system.15,23,65−67

Future work will need to explore these aspects because we do not
have any evidence on students’ ability to demonstrate these ST
aspects. Aspects of ST are initially missed in assessment because
some of the skills are broad and can be zoomed in, to achieve
finer granularity.46,47 Therefore, we looked at the extent to
which participants could demonstrate aspects of ST skills so we
can understand what students can demonstrate naturally and

Figure 7. Seven levels of granularity associated with macroscopic and submicroscopic levels used to identify concepts present within students’ system
maps.
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where emphasis needs to be placed when teaching ST skills to
students.
RQ2: To What Extent Do Undergraduate Chemistry
Students Identify Parts of a System (e.g., Components,
Relationships, Organization, Emergent Behaviors, System
Behaviors, Boundaries, and Granularity)?

System Maps Had Substantially More Concepts and
Connections at Macroscopic Levels of Granularity than
Submicroscopic Levels. Participants’ system maps lacked
concepts and connections at the submicroscopic level. This
finding was uncovered when looking at the extent of
participants’ ability to identify levels of organization (i.e.,
macroscopic and submicroscopic) in their system map and
connections between them (Figure 7). We looked at the
concepts before and after engaging in the DOC simulation
because this tool allowed for students to explore primarily
macroscopic chemistry connections relating each topic to
climate change. Participants’ system maps predominately
featured concepts of granularity at the macroscopic level (92%
of the 531 concepts), which included chemical applications and
examples and chemical properties and process. System maps
lacked concepts at the molecular, atomic, and subatomic levels.
Moreover, the average of the subatomic concepts in participants’
system maps after engaging in the simulation increased only
slightly or not at all. Given that more emphasis was placed on
macroscopic concepts in the simulation, the findings were not
surprising. Depending on the intended learning outcomes of a
ST task (e.g., include concepts and connections at the
submicroscopic level), the nature and purpose of complemen-
tary resources used in ST activities needs to be addressed to
ensure the resource helps students achieve the intended learning
outcomes.
We found limited connections between the macroscopic and

submicroscopic levels (Figure 8A). There were only 36
instances where participants’ systemmaps included connections
starting with a submicroscopic concept to a macroscopic
concept as shown by the example in Figure 8B.
There is evidence to suggest that students struggle to make

connections to the submicroscopic level and our findings

emphasize the need to explicitly prompt students to consider
concepts and connections at the submicroscopic level.58

System Maps Had Multiple Types of Connections but
Few Circular Loops and Causal Connections. In their
system maps, participants created connections but few circular
loops (Figure 9), which has also been found in related

research.43 We found that participants might be more familiar
with the more common linear thinking represented by the
indirect connections opposed to closed-loop thinking repre-
sented by circular connections. Linear thinking involves
considering how one variable influences another variable,
whereas closed-loop thinking also considers how a subsequent
change in the second variable will then influence the first
variable.23 The design of learning activities and associated

Figure 8. (A) A Sankey diagram indicating the number of connections made between the macroscopic and submicroscopic levels (N = 678). The left
side of the Sankey diagram indicates the first concept in a connection and the right side is the second concept that it is connected (figure produced using
SankeyMATIC). (B) A section of a participants’ (P6) systemmap making several connections from the submicroscopic level to the macroscopic level,
e.g., connection made from N2O (first concept: submicroscopic) to global temperature (second concept: macroscopic).

Figure 9. Average number of connections for each type of connection
in participants’ system maps.
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prompts can provide good opportunities for students to deal
with complexity and advance students’ understanding of closed-
loop thinking.62
One aspect where our analysis and results di!ered from other

studies was in the way we interpreted causal relationships. Other
literature sources have assumed that each arrow in a systemmap
represents a causal link;43,68−70 however, our evidence suggests
not all connections in a system are causal. Figure 10 represents
an example of a circular loop present in a participant’s system
map.

While some of the linking words such as “increasing” or
“decreasing” could represent a causal connection, we do not
have enough evidence to make this claim by only looking at
arrows and linking words in a concept map; additional reasoning
from the participant would be needed. We analyzed participants’
explanations using the modes of reasoning framework with only
explicitly available evidence (Figure 11).44
Participants reasoned in three ways, (1) descriptive, (2)

relational, and (3) linear causal, which provided evidence that
not all connections are inherently causal. Overall, relational and
descriptive reasoning were the most common among partic-
ipants’ explanations and multicomponent causal reasoning was
not present in any connections. Learners tend to describe
simple, linear cause and e!ect terms when behaviors and
properties result from a single cause instead of being influenced
by multiple causes.23,71−73 Most systems are nonlinear and have
multiple causes; therefore, students need to learn to use
multicomponent causal reasoning to be able to address
associated issues and solve complex problems.23 Participants
could have demonstrated multicomponent causal reasoning
during a ST task; however, students were not explicitly

prompted to explain each connection in their system map. We
only have evidence on how students naturally reasoned about
phenomena. We realize the quality of student reasoning is
important for assessment and describe it as one of the limitations
to our study below. Overall, our findings suggest that educators
need to sca!old instruction for creating circular loops and
prompt students to use causal reasoning when making
connections in system maps. Furthermore, we need other
methods of assessment for determining causal connections in
systems, such as a reasoning framework.

Participants Could Predict How Their System Maps
Changed over Time but Did Not Use Multicomponent
Causal Reasoning. Further analysis showed that most
participants could predict how their system maps changed
over time. However, when explaining how their system map
would change, participants did not consider how influencing one
concept would impact multiple concepts through cause-and-
e!ect relationships (i.e., multicomponent causal reasoning). At
most, participants explained a single chain of causal relationships
between two or more concepts in their system map (i.e., linear
causal reasoning). Examples of student responses can be found
in Table S13 and Table S14 of SI.
We analyzed participants’ responses to the following two

questions, (1) How does removing the second idea/concept
impact the rest of your system? and (2) Why does removing the
second idea/concept impact the rest of your system?
Participants responded in three ways: (1) no prediction, (2)
predicting their system map would partially change, and (3)
predicting their system map would holistically change.
Participants also explained how their system map would change
using the same three types of reasoning (i.e., descriptive,
relational, and linear causal) as previously described. The Sankey
diagram (Figure 12) shows how each participant predicted and
explained how their system maps changed over time, aligned
with our main finding. For example, one participant (P12)
predicted that their system map would change holistically when
removing a concept (in this example, food) from their system
map and used a descriptive mode of reasoning in their
explanation (Figure 13).
Multicomponent causal reasoning may be considered an

important aspect for determining how system behaviors change
over time because systems are complex and involve many
interconnections. When altering a component of the system
map, all pathways connected to this component need to be
considered to determine the impact of change. Placing emphasis
on teaching multicomponent causal reasoning could help
students understand the complexity of systems and factors
involved to address complex chemistry problems.

Figure 10. An example of a circular loop from a participant’s system
map.

Figure 11. Examples of descriptive, relational, and linear causal reasoning of connections provided by participants; no examples of multicomponent
causal reasoning were identified. Bolded words represent concepts in each connection.
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System Maps Had a Breadth of Connections but Did
Not Include Human Connections to the Underlying
Chemistry. Participants were able to demonstrate the breadth
of connections by making links to other disciplines, topics, and
contexts but did not make connections that involved human
impact on chemistry or how chemistry impacts humans.
Fourteen of the 18 participants made at least one connection
to a di!erent discipline and/or subdiscipline (e.g., engineering,
politics, ecology, biochemistry, mathematics) and/or another
DOC simulation topic (e.g., transportation, electricity, land use
and agriculture, buildings, materials). Moreover, participants
made connections to di!erent contexts particularly those related
to the society and nature contexts of the triangular model
(Figure 14).48 These findings are promising because the breadth
of connections that participants demonstrated can lead to the
demonstration of other ST skills (e.g., the identification of

boundaries) when explicitly teaching students ST terminology
and prompting students with specific questions.
Surprisingly, participants did not include any connections

between the individual context and chemistry, indicating they
did not consider human impact on chemistry and vice versa.
E!orts have been made to bridge human impact and chemistry
through the redesign of the postsecondary chemistry curricu-
lum.11 However, our findings suggest there needs to be more
widespread institutional e!orts to educate students on how
chemistry impacts or is impacted by the human context. Several
researchers have highlighted the importance of humanizing
chemistry education by incorporating considerations of the
impact of human activity, benefit-cost-risk analyses, and socio-
scientific approaches.62,74−77 These e!orts highlight the need to
connect chemistry to student experience and serve as a good
reminder for educators to connect chemistry to the lives of

Figure 12.Ways participants predicted and explained how their systems changed over time; no examples of multicomponent causal reasoning were
identified.

Figure 13. Example of a participants’ (P12) systemmap including their prediction and explanation of how removing a concept would impact the rest of
their system map. Food was the concept that this participant removed from their system.
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students and the public to help prepare learners as chemically
literate citizens and responsible scientists.75,76

A Tool for Assessing Five Characteristics of STICE

Here, we provide a ST rubric developed from our analysis and
findings (Table 1). Research suggests students need explicit
instruction and sca!olding to help them develop ST skills and
achieve intended ST learning outcomes.23,78,79 This rubric
addresses this challenge by (1) prompting educators to identify
how they plan to assess learning outcomes within ST learning
activities, and (2) informing students of how they will be
assessed with respect to the learning outcomes within a ST
learning activity.
Based on the intended learning outcomes of a specific ST task,

the rubric can be modified to elicit these learning outcomes and
the levels at which they may be achieved. First, educators should

identify the learning outcomes of a ST task. The learning
outcomes should elicit characteristics of STICE to be consistent
with a ST approach.32 Then, using our findings and other
literature sources, educators should identify the levels (if any) of
how the learning outcome can be achieved by students (e.g.,
only presence of linear connections compared to presence of
linear and cyclic connections). Future research will be needed to
explore how to assign quantitative scores to ST skills based on
the weight of importance and di"culty of ST skills by the
chemistry education community.
Not all ST skills from the literature are elicited in this rubric;

the ST skills that are assessed with this tool were chosen based
on alignment with the learning tasks in our ST intervention. This
rubric provides a way to assess ST tasks that encompass multiple
forms of assessment tasks including concept maps, and written

Figure 14. A triangular model of the aspects of environmental and sustainability issues adapted to include chemistry as a related context. Examples of
participants’ connections to the society, individual, and nature contexts are shown on the right side of the figure.

Table 1. ST Rubric as a Tool for Assessing ST Learning Outcomes Aligned with Five Characteristics of STICEa

Systems Thinking Learning Outcomes Satisfactory Exceptional

Identify concepts of a system based on a particular
topic and create a combination of linear, closed
loop, and cyclic connections between concepts,
organized in an interconnected fashion. (Exam-
ples of each level provided in SI.)

Includes concepts and a combination of linear and closed loop
connections with some branching present (some interconnections in
system map).

Includes concepts and a combination of linear,
closed loop, and cyclic connections with lots
of branching (many interconnections in
system map).

Include concepts in a system at multiple scalar
levels (e.g., macroscopic and submicroscopic)
and think back and forth between these levels
when making connections between concepts.

Includes concepts at multiple scales (e.g., macroscopic, and
submicroscopic) but makes connections between sublevels of one
level of granularity (e.g., global, application, chemical property) OR
makes connections between these levels primarily in one direction
(e.g., macroscopic concept → submicroscopic concept).

Includes concepts at multiple scales (e.g.,
macroscopic, and submicroscopic) and makes
many connections back and forth between
these levels (e.g., submicroscopic concept →
macroscopic concept and vice versa).

Predict and explain how a system will change over
time when removing a concept in the system.

Based on a system that can be a!ected with change, student predicts
their system will partially change (e.g., only some concepts will be
a!ected when removing a concept).

Based on a system that can be a!ected with
change, student predicts their system will
holistically change (e.g., when removing a
concept, this a!ects all concepts in the
system).

Note: There may be instances where systems may
not change (e.g., reaction rate if the reactant is
not involved in the rate-determining step).
Change criteria in rubric accordingly.

Explains how the system will change using linear causal reasoning.
(Examples provided in the SI Table S20.)

Explains how the system will change using
multicomponent causal reasoning. (Examples
provided in the SI Table S20.)

List similarities between systems then identify a
property or behavior that emerges when con-
sidering multiple systems together.

Identifies similarities between systems but does not identify a behavior
or property that emerges when considering the systems together.

Considers similarities between systems and
identifies a behavior or property when
considering the systems together.

Create connections to other contexts (i.e., human,
societal, and environmental) and other disci-
plines, and consider chemistry’s connection to
these contexts and disciplines.

Includes limited connections to other contexts and/or disciplines. Includes many connections to other contexts
and/or disciplines.

Includes limited chemistry connections to these other contexts and/or
disciplines.

Includes many chemistry connections to these
other contexts and/or disciplines.

Correctness of connections in system and explan-
ations for ST skills.

Some connections and explanations are supported by appropriate
scientific evidence and theories.

All connections and explanations are supported
by appropriate scientific evidence and theo-
ries.

aNote: Systems thinking terminology has been simplified in this rubric to become more user-friendly for educators. The translations of systems
thinking terminology used in the paper are as follows: “Scalar levels” refers to levels of organization; “Linear connection” refers to indirect
connection from Figure 9; “Closed loop” refers to moderated connections.
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and verbal responses, which has not previously been shown in
the literature (Table 1).

■ IMPLICATIONS FOR TEACHING AND RESEARCH
If we expect students to demonstrate specific aspects of ST skills,
then as educators we need to be purposeful and explicit about
what ST skills are taught and what prompts and sca"olds are
used to elicit these skills so that chemistry students are equipped
for success.
Explicit prompts are needed for students to consider concepts

and connections at the submicroscopic level. There are several
pedagogical approaches for helping students to connect the
particulate and macroscopic levels in a ST context, each with
opportunities for students to practice and receive feedback.62
For example, instructors can: (1) be more explicit in explaining
transitions, (2) design tasks for student to visualize, (3) explore
and make connections between levels of complexity, and (4) use
di"erent “what-if” scenarios involving perturbations of a
system.62
Educators should sca"old instruction for creating circular

loops and prompt students to use causal reasoning when making
connections in system maps. Engaging in closed loop thinking
can help students to understand circular behaviors in a system.
Teaching students how to engage in this type of thinking and
providing opportunities to practice with complex problems
regularly will complement the more typical linear thinking
approach. Chain reaction mechanisms provide one example of a
tool to illustrate a closed feedback loop in a chemistry course.62
The cyclic nature of these mechanisms may not be easy for
students to understand; however, the mechanism at hand can
provide opportunities to discuss circular loops from a chemistry
context.62 Considering many educators’ current lack of
knowledge on STICE,20 ST experts and researchers should
provide more examples of closed-loop thinking for di"erent
areas of chemistry (e.g., general, organic, and physical
chemistry) that educators can use in their courses.
When teaching students about closed loop thinking, causality

should be emphasized as a key aspect. To elicit causal reasoning,
students can be first asked to look for variables that cause
behaviors in their system map then to use causal reasoning to
explain the connections of these variables in their system maps.
This implication emphasizes the reasoning framework as an
e"ective tool for determining causal connections in systemmaps
when explicitly asking students to explain connections. Future
research on assessing ST skills will need to consider other
methods of assessment for determining causal connections in
system maps, such as a reasoning framework.
Causal reasoning was lacking in participants’ explanations of

how their system maps would change over time. When
considering perturbations to a system, visualizations, modeling,
and discussions (qualitative and quantitative) can be incorpo-
rated into instruction.62 These approaches can provide
opportunities for instructors to demonstrate multicomponent
causal reasoning and allow students to gain skills explaining
causal relationships.
In addition to educators emphasizing the components and

interrelated connections in chemistry content,80 human impact
is a fourth component that needs to be integrated more into
pedagogy.75 Here, we emphasize the need for educators to be
purposeful about what prompts to use when expecting students
to demonstrate certain ST skills in a ST learning activity. The ST
learning outcomes in the ST rubric can serve as a guideline for
creating prompts that can help students elicit intended ST skills.

■ CONCLUSIONS
Educators’ perspectives on a STICE approach have shown that
time to teach and learn ST and lack of assessment tools are
prominent barriers to implementing a ST approach.20,30,31 Our
study investigated the ST skills chemistry students do and do not
naturally demonstrate during ST tasks, to understand where to
place emphasis on teaching ST skills in a chemistry course. A
tool for assessing aspects of ST skills was produced from insights
on our analysis and findings. We used five characteristics of
STICE as a framework to identify what a systems thinker in
chemistry education should demonstrate during an activity that
follows a ST approach. Most participants were able to
demonstrate the 11 ST skills that were assessed. However,
when assessing ST skills based on how they are articulated in the
literature, aspects of ST were missed. Therefore, we further
investigated the extent that participants demonstrated these ST
aspects.
Participants’ systemmaps lacked concepts and connections at

submicroscopic levels of granularity (e.g., molecular, atomic,
subatomic). Educators’ time for teaching ST can be placed on
emphasizing concepts at the submicroscopic level and making
connections from concepts at the macroscopic level to the
molecular level and vice versa.
Participants’ system maps included multiple types of

connections but limited circular loops and causal connections.
Current methods for determining causal links in student system
maps are insu#cient (i.e., arrows between concepts). Therefore,
we used a reasoning framework to identify ways participants
described connections in their system maps and found they
often lacked causal reasoning. Forming circular loops and using
causal reasoning are ST aspects that also need more explicit
prompting and sca"olding in learning activities by educators.
Lack of causal reasoning was also found in participants’

explanations to how their system maps would change over time.
Again, this finding emphasizes the need to teach students how to
reason about causal relationships, particularly with relationships
that involve multicomponent causal reasoning when determin-
ing behaviors over time.
Lastly, participants’ systemmaps demonstrated the breadth of

connections but did not include connections in their system
maps that considered human impact on chemistry. Therefore,
educators need to draw more attention toward connections to
human dimensions when teaching chemistry concepts to
students. Participants’ connections to other disciplines, topics,
and contexts can also lead to the identification of boundaries
when explicitly prompting students with a specific question.
Our results provide a starting point for understanding how to

assess ST skills in chemistry education.

■ LIMITATIONS
There are several limitations on what wemay conclude given the
study design and analysis procedures. First, we could not assess
all skills from the literature as we did not include specific
prompts in the ST intervention (e.g., What is the purpose of
your visual representation? What are the boundaries of your
visual representation?). Therefore, future research will be
needed to identify chemistry students’ abilities to demonstrate
these skills (e.g., identify the purpose of the system, examining
positive and negative feedback loops within a system, identify
and explain the causes of cyclic behaviors within a system,
identify multiple variables that influence a given behavior of a
system). While this study only focused on identifying whether
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participants demonstrated ST skills, we did not assess the quality
of concept connections in their system maps or student
reasoning, as it was beyond the scope of this study. Additionally,
there is a limitation to how we interpreted the direction of
arrows between concepts. We analyzed students’ connections
based on how they were drawn in their system maps and added
arrows to these maps based on the sentence structure of
students’ explanations. It is possible a connection between two
concepts could be represented by the opposite direction of an
arrow, but we only included arrows based on the data collected.
Lastly, due to the limited number of participants in our study, we
cannot generalize these findings to other contexts and further
studies are needed.
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3.4 Undergraduate and graduate student comparison of baseline systems thinking skills 

3.4.1 IntroducEon 

Understanding and tackling 21st-century challenges, such as those priori>zed by the United 

Na>ons Sustainable Development Goals requires a systems lens, such as analyzing the problem from a 

holis>c perspec>ve.1 Systems thinking (ST) is an approach proposed to help address these 21st-century 

challenges as it focuses on understanding and analyzing complex systems.2,3 Therefore, equipping 

ci>zens and scien>sts with the knowledge and skills required to understand and contribute toward these 

global challenges requires them to engage in complexity. In par>cular, understanding complex systems 

requires the construc>on of a network of concepts and principles that represents dynamic phenomena 

and their interrela>onships.4 

Previous studies have inves>gated expert-novice differences in how they think about complex 

systems.4,5 Prior research shows that novices tend to focus on visible structures when grappling with 

complex systems,6–8 and have challenges comprehending mul>component phenomena that are invisible, 

dynamic, and interdependent due to the high demand for their working memory.9 Addi>onally, making 

connec>ons between different levels of a complex system increases their cogni>ve load, especially given 

the complex causality of systems.10  

Novices' understanding of complex systems is also oien hindered by prior experiences that 

favour explana>ons including single causality.11 For instance, Jacobson (2001) found that undergraduate 

students, compared to complex system experts, tended to prefer explana>ons grounded in linear cause-

effect rela>onships.12 Similarly, other research has shown that students’ reasoning about a range of 

complex system tend to include simple causal explana>ons.10 Researchers suggest that learners focus 

more on the structure of systems rather than the underlying func>on.  

Another possible cogni>ve barrier for learners in understanding complex systems may be due to 

the types of processes that are involved in a system. 5 Direct processes include cause-and-effect 

rela>onships that are obvious whereas emergent processes include cause-and-effect rela>onships that 

may be less obvious.5 Understanding and recognizing emergent processes requires a prior understanding 

that a system has mul>ples causal factors at the macroscopic and submicroscopic levels. 5 

Preliminary research in environmental science has reported differences between novice and 

experts understandings of aquarium ecosystems with respect to their knowledge organiza>on of this 

complex system.4 They found that novices’ representa>ons of an aqua>c system focused on sta>c 

components of the system, whereas experts integrated structural, behavioral, and func>onal elements 
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of the system.4 These researchers completed a follow-up study with an increased sample size to 

determine if the differences could be generalized to other complex systems. Results of this study showed 

that system structures (i.e., elements) are easier for novices to comprehend than the systems’ func>ons 

or behaviours.5 However, for the experts, the behaviours and func>ons of the system were shown based 

on how they organized their knowledge of the system.5 Researchers have emphasized that 

“understanding the behaviours and func>ons of a system indicates a more elaborate network of ideas 

represen>ng key phenomena and their interrela>onships”.5 Implica>ons from this research focus on the 

design of instruc>on to support students’ learning about complex systems.5 

Based on this previous research, we were interested in exploring how students with different 

levels of chemistry experience and exper>se would demonstrate ST skills in chemistry educa>on. 

3.4.2 Research QuesEons and Goals 

In this analysis, we address the following research ques>ons: 

RQ1: What ST skills do undergraduate and graduate chemistry students use without scaffolding to 

construct system maps 

RQ2: To what extent do undergraduate and graduate chemistry students iden>fy parts of a system (e.g., 

components, rela>onships, organiza>on, emergent behaviours, system behaviours, boundaries, and 

granularity? 

We inves>gated these research ques>ons to achieve our overarching goal: to understand how different 

levels of experience in chemistry (e.g., graduate versus undergraduate students) might impact the types 

of ST skills students demonstrate naturally (e.g., without being taught ST and without scaffolding to 

construct system maps). Therefore, we made comparisons between undergraduate and graduate 

students’ data to achieve this goal and inves>gate the research ques>ons. 

3.4.3 Methods 

We used the same instrument and procedure for data collec>on to capture undergraduate and 

graduate ST skills as outlined in the manuscript in Chapter 3.3. Eighteen undergraduate students and 

eight graduate students par>cipated in this study. Graduate student par>cipants were recruited via the 

departments’ CHMGRAD listserv. All par>cipants provided informed consent. Due to technical 

complica>ons, we were unable to obtain data on graduate system maps before engaging in the Design 

Our Climate simula>on. 

 We used the same analysis procedure and theore>cal and analy>cal frameworks as described in 

Chapter 3.3 to inves>gate the research ques>ons. Mann Ali-Nour, an undergraduate Honour’s student, 
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coded the graduate student data for each of the 11 skills assessed. To establish reliability of the findings, 

I reviewed the coding for the eight graduate students and then we discussed and made changes to the 

coding un>l we reached an agreement. To compare undergraduate and graduate students, the findings 

from Chapter 3.3 were compiled with the findings of the graduate students’ ST skill analysis. No 

sta>s>cal analyses were completed due to the limita>on of the small sample size, especially for graduate 

students. Therefore, the findings described below are only a qualita>ve explana>on of what the data 

shows us. Since we cannot make any further conclusions beyond these qualita>ve explana>ons, future 

studies will need to focus on increasing the sample size to further inves>gate the research ques>ons.  

3.4.4 Results and Discussion 

RQ1: What ST skills do undergraduate and graduate chemistry students use without scaffolding to 

construct system maps 

Both graduate and undergraduate students demonstrated most of the 11 ST skills when 

engaging with the ST tasks (Figure 14). Given the differences in the number of par>cipants among the 

two groups, we looked at the percentage of par>cipants within each group who demonstrated each ST 

skill.

 
Figure 14. Systems thinking skills graduate students and undergraduate students demonstrated when assessing the skills based 

on how the skills are worded from the literature. An in-depth descrip5on of the assessment protocol for each skill is described in 

Chapter 8.2 Appendix 2. The solid colour represents the number of skills demonstrated by graduate students, and the pa?erned 

colour represents the number of skills demonstrated by undergraduate students. 

Among the first four ST skills assessed, that relate to the system as a whole characteris>c (blue, 

Figure 14), all 26 students demonstrated the ability to iden>fy components of their topic. Most students 

organized the components within a framework of rela>onships (e.g., having at least one concept in the 

system map connect to at least 3 other concepts), except for one graduate student who created a 
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prominently linear system map. When assessing students’ ability to iden>fy levels of organiza>on (e.g., 

macroscopic and submicroscopic) in their system map, six graduate students and 15 undergraduate 

students demonstrated this ST skill. Therefore, some students in both groups only included concepts at 

the macroscopic level, sugges>ng that thinking at the molecular level could be a challenge regardless of 

chemistry experience. The same can be said about students’ ability to move back and forth between the 

macroscopic and submicroscopic levels. Six graduate students and nine undergraduate students 

demonstrated this ST skill of thinking back and forth between these levels, which has been previously 

indicated as a challenge in the literature.13–16  

 All 26 students demonstrated the ability to idenEfy connecEons (orange, Figure 14) of their 

chosen topic, regardless of the level of complexity of these connec>ons. The types of connec>ons 

students demonstrated are described in the findings under the second research ques>on.  

 Both graduate and undergraduate students varied in terms of their ability to demonstrate the ST 

skills related to the behaviours over Eme characteris>c (purple, Figure 14). As suggested in Chapter 3.3, 

students may not have much prior experience dealing with complex dynamic systems in chemistry 

courses or may not view the topic of their system map as a complex dynamic system; therefore, they 

demonstrate these skills less frequently. These data suggest that graduate students might have been 

taught using a chemistry curriculum similar to the one taught at the University of O3awa where 

chemistry concepts are typically taught in linear sequences except for catalysis, taught in upper-year 

courses. However, we did not collect data on the ins>tu>ons graduate students a3ended for their 

undergraduate studies so we cannot make this conclusion with certainty. Addi>onally, students may 

struggle to iden>fy the behaviours of a system over >me if they do not have a strong founda>on of 

chemistry knowledge on the topic and with not being prompted to look for that informa>on. Overall, the 

findings suggest these skills need to be explicitly taught and scaffolded in both undergraduate and 

graduate chemistry courses if students are expected to demonstrate these skills in ST tasks. 

 We found a similar trend for students’ abili>es to idenEfy emergence (green, Figure 14)– 

undergraduate and graduate students demonstrated this skill the least frequently. However, the data 

must be interpreted with cau>on, as two of the graduate students did not complete task 3, which was 

designed to assess emergence. There could be mul>ple reasons why students demonstrated this skill the 

least. 

First, emergence is an unfamiliar concept in chemistry since it is oien not used to describe the 

observa>on of a chemistry property or behaviour. However, emergence is a fundamental aspect of 

chemistry as there are many chemical processes that lead to phenomena observed at the macroscopic 
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level but occur at the molecular level, requiring a chemist to think back and forth between these levels. 

Our data and prior literature tell us that students have challenges with thinking back and forth between 

these levels; therefore, we cannot expect students to iden>fy emergence if they have not mastered 

these underlying skills. Students need to be first taught to make connec>ons between macroscopic and 

submicroscopic concepts. Aier students have opportuni>es to prac>ce and be assessed on this skill, 

then educators can add the next layer of complexity in their teaching, iden>fying emergence. 

 Secondly, because Task 3 was completed in groups, the group dynamics may have influenced 

how students iden>fied emergence. We elaborate on this hypothesis in the research presented in 

Chapter 4. Addi>onally, follow-up interviews described in Chapter 4 offer some insight into how students 

answered the ques>on assessing their ability to iden>fy emergence. However, not all par>cipants 

par>cipated in these interviews, limi>ng our ability to determine why some students demonstrate the 

skill and why others did not. 

 Lastly, at least five graduate students and fourteen undergraduate students demonstrated the 

two skills related to the ST characteris>c: boundaries (yellow, Figure 14) (i.e., (1) consider the role of 

human ac>on on the system and (2) consider how the system contributed to a larger system). The data 

shows us that a higher percentage of undergraduate students describe how human ac>on influences 

concepts in their system map compared to graduate students. To make any conclusions about why we 

see this rela>onship in the data, we would need future studies to explore the significance of this 

rela>onship with a larger sample size and then determine poten>al factors that may influence students 

to include more or less human ac>on connec>ons in their system maps. Regardless, if we want students 

to include human ac>on connec>ons in their system maps in an assessment, we need to explicitly 

prompt students to make these connec>ons. 

 Overall, these findings contribute to our first research ques>on by iden>fying the skills that 

undergraduate and graduate students naturally use when construc>ng systems maps without explicit 

prompts or scaffolding of ST. Aier making comparisons between the data among the two groups, we do 

not see any dras>c differences in the types of ST skills that are demonstrated. Instead, we generally see 

the same trend for graduate students’ skills based on what we published for undergraduate students’ 

skills in Chapter 3.3. Therefore, we recommend similar implica>ons for graduate students who are 

expected to engage in system mapping ac>vi>es in a graduate chemistry course. 
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RQ2: To what extent do undergraduate and graduate chemistry students iden>fy parts of a system (e.g., 

components, rela>onships, organiza>on, emergent behaviours, system behaviours, boundaries, and 

granularity? 

 We used the same analysis approach in Chapter 3.3 to understand what aspects of ST skills 

graduate and undergraduate chemistry students demonstrate naturally and where the emphasis needs 

to be placed when teaching ST skills to students. 

 

Finding 1: Both undergraduate and graduate student system maps had substan4ally more concepts and 

connec4ons at macroscopic levels of granularity than submicroscopic levels. Figure 15 shows the average 

number of concepts for each level of granularity within students’ system maps. Undergraduate students’ 

system maps have more concepts compared to graduate students’ system maps as there is a higher 

average of concepts for all granularity levels except for the molecular level. However, across the levels of 

granularity, we see the same trend (more macroscopic concepts than submicroscopic concepts) for both 

groups (Figure 15). 

 
Figure 15. Seven levels of granularity associated with macroscopic and submicroscopic levels used to iden5fy concepts present 

within undergraduate and graduate students' system maps. The solid colour represents graduate students, and the pa?erned 

colour represents undergraduate students. 

 Figure 16 shows that in both undergraduate and graduate system maps there are limited 

connec>ons between macroscopic and submicroscopic levels. Graduate students’ system maps showed 

fewer total connec>ons than undergraduate student system maps because there are less par>cipants in 

that group of students. Therefore, comparisons between groups need to account for the rela>ve 

amounts of connec>ons by calcula>ng the percentages of each type of connec>on for both groups. 16% 
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of the connec>ons in undergraduate students’ system maps included connec>ons between 

submicroscopic and macroscopic concepts and vice versa. Similarly, 20% of the connec>ons in graduate 

students’ system maps include the same connec>ons. However, graduate students included slightly more 

connec>ons between submicroscopic concepts than undergraduate students. 

 
Figure 16. (A) A Sankey diagram indica5ng the total number of connec5ons made between concepts in the macroscopic (blue) 

and submicroscopic (orange) levels in all undergraduate students' system maps (N = 678). (B) A Sankey diagram indica5ng the 

number of connec5ons made between concepts in the macroscopic (blue) and submicroscopic (orange) levels in all graduate 

students’ system maps (N = 374). In both Sankey diagrams, the lef side indicates the first concept in a connec5on and the right 

side is the second concept that is connected (figures produced using SankeyMATIC). The widths represent the frequency of each 

type of connec5on. The larger the width, the more frequent the type of connec5on. 

From these comparisons, evidence shows that undergraduate and graduate students make less 

connec>ons between the macroscopic and submicroscopic levels. Among all connec>ons (N = 678) in 

the 18 undergraduate student system maps, students made 76 connec>ons that began with a 

macroscopic concept linked to a submicroscopic concept and 36 connec>ons that began with a 

submicroscopic concept linked to a macroscopic concept. Similarly, among all connec>ons (N = 374) in 

the eight graduate student system maps, students made 48 connec>ons that began with a macroscopic 

concept linked to a submicroscopic concept and 36 connec>ons that began with a submicroscopic 

concept linked to a macroscopic concept. These results suggest that both groups need to be explicitly 

prompted to consider concepts and connec>ons at the submicroscopic level. 

 

Finding 2: Graduate student system maps included more interconnec4ons among concepts compared to 

undergraduate student system maps, but both groups include few circular loops. Figure 17 shows the 

average number of connec>ons in undergraduate and graduate students’ system maps.  
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Figure 17. Average number of connec5ons for each type of connec5on in undergraduate and graduate students’ system maps. 

 The higher averages of mul>ple inward connec>ons, mul>ple outward connec>ons, and indirect 

connec>ons for graduate students’ system maps suggests that their maps are denser with connec>ons 

among concepts. However, the most complex types of connec>ons including moderated connec>ons 

and circular loops are not frequently shown in system maps amongst both groups. Interes>ngly, the 

graduate students’ system maps only appear to be more interconnected when merging their wri3en and 

verbal explana>ons into their system map. This finding emphasizes that mul>ple forms of assessment 

should be used to assess ST skills as there are limita>ons of system maps. Follow-up interviews were 

used to gain a deeper understanding of why some students demonstrated more complex connec>ons 

compared to others. We found that students used different strategies to organize and create their 

system map, which impacted the types of connec>ons presented. These findings were explained in more 

detail in Chapter 4. Future research could involve conduc>ng a similar study with a larger sample size, 

which would enable sta>s>cal analyses to iden>fy correla>ons between complexity of connec>ons and 

poten>al factors such as educa>onal background or familiarity with ST. Overall, the comparison of 

undergraduate and graduate system maps suggests that both groups need to be provided with 

opportuni>es to deal with complexity and engage in closed loop thinking (represented by circular loop 

connec>ons). 

 

Finding 3: Most undergraduate and graduate students could predict how their system maps changed 

over 4me and used descrip4ve and rela4onal types of reasoning to explain why the map changed (Figure 



 117 

18). We analyzed students’ responses to the following ques>ons, (1) How does removing the second 

ideas/concept impact the rest of your system? and (2) Why does removing the second ideas/concept 

impact the rest of your system? as described in Chapter 3.3. Most students predicted that their system 

map would par>ally or fully be impacted when removing a concept from their system map; however, 

three undergraduates gave no predic>on, and one graduate student said their system map would not 

change. Reasons for the discrepancies in students demonstra>ng this skill could include how their 

system map was constructed. Therefore, we further explored how students constructed their system 

maps by conduc>ng follow-up interviews, described in Chapter 4. 

When explaining how their system map would change, at most, students used linear cause-and-effect 

reasoning except for one graduate student who used mul>-component reasoning. Mul>-component 

reasoning considers how the influence of one concept would impact mul>ple concepts through cause-

and-effect rela>onships.  

 
Figure 18. Ways students predicted and explained how their systems changed over 5me. (A) Undergraduate student predic5ons 

and explana5ons. (B) Graduate students' predic5ons and explana5ons. 

GS4 predicts that their system map will only par>ally be changed when removing corn from their 

system map but, in their explana>on, they consider how removing corn would affect several factors (e.g., 

raising animals, produc>on of various types of fuels) and men>ons how removing corn would have a 

huge effect on the overall field of agriculture (Figure 19). 
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Figure 19. Graduate student 4's (GS4) predic5on and explana5on for removing their second concept (i.e., corn) from their system 

map (shown below responses). Black arrows and coloured boxes with concepts represent the students’ original work. Red arrows 

and concepts represent the researcher expanding the students’ connec5ons from the original system map. Blue arrows and 

concepts represent the students’ connec5ons from their wri?en responses in the Google Form that they did not explicitly add to 

their system map. Purple arrows and concepts represent the students’ connec5ons from their verbal explana5ons of their system 

map. 

Here, GS4’s responses show that they consider mul>ple factors that will be affected when removing a 

concept from their system map, indica>ng their use of mul>-component reasoning. Addi>onally, they 

weigh the overall effect of the concept on the greater problem (i.e., the effect of agriculture) which is 

why they predicted their system map would par>ally change rather than holis>cally. In their explana>on 
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of how their system map changes, GS4 elicits the holis>c effect of the change. Other graduate students 

would also address the interconnectedness of their system map in their responses but would only 

indicate that part of their system map would be affected. However, based on the limita>ons from this 

study, we s>ll do not understand why some students at similar educa>onal levels (i.e., graduate versus 

undergraduate) demonstrate higher levels of reasoning while others do not. Our data does not indicate 

what students can or cannot achieve as we did not explicitly teach students these skills prior to the ST 

interven>on. Future studies could further inves>gate poten>al factors that might influence how students 

engage in modes of reasoning and draw upon prior literature exploring modes of reasoning in other 

contexts.  

Overall, our findings may suggest the importance of promp>ng addi>onal reasoning for students’ 

predic>ons on how their system maps might change over >me as well as placing emphasis on teaching 

mul>-component reasoning to help students consider mul>ple factors in their explana>ons. 

 

Finding 4: Undergraduate and graduate system maps had a breadth of connec4ons but did not include 

human connec4ons to the underlying chemistry (Figure 20).  

 
Figure 20. (A) Undergraduate students' system map connec5ons to society, individual, and nature contexts. (B) Graduate 

students’ system map connec5ons to society, individual, and nature contexts. 

We found graduate students were able to demonstrate the breadth of connec>ons by making 

links to other contexts but did not make any connec>ons that involved human impact on chemistry or 

vice versa. This finding is the same as what we found in our analysis of undergraduate students’ system 

maps in Chapter 3.3. Therefore, as suggested in our manuscript, if students are expected to consider the 
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impact of human ac>vity on chemistry concepts and topics in system mapping ac>vi>es, then educators 

need to explicitly connect chemistry to the lives of the students. 

3.4.5 LimitaEons 

Due to the limited sample size, we were only able to make qualita>ve interpreta>ons from the 

data and could not measure the influence of chemistry experience quan>ta>vely. Therefore, future 

studies are needed to explore this rela>onship with a larger sample size and the design on an 

experimental study. Addi>onally, we did not measure the accuracy of students’ understanding of the 

concepts and connec>ons of the topic on climate change due to the scope of this study. Future studies 

will need to explore how exper>se and experience in chemistry influences students’ conceptual 

understandings of the system being studied. 

3.4.6 Conclusions 

This qualita>ve analysis inves>gated the ST skills undergraduate and graduate students do and 

do not naturally demonstrate during ST tasks, to understand where to place emphasis on teaching ST 

skills in a chemistry course. We were interested in determining the differences and similari>es between 

how undergraduate and graduate students demonstrated ST skills naturally to understand if experience 

in chemistry influenced the types of ST demonstrated.  

We found that graduate students demonstrated ST skills very similarly to undergraduate 

students. Graduate and undergraduate students demonstrated most of the 11 ST skills when engaging 

with the ST tasks, but both demonstrated skills related to behaviours over >me and emergence less 

frequently. Based on this finding, we can hypothesize that experience with chemistry between 

undergraduate and graduate degree programs may not influence students’ abili>es to demonstrate ST 

skills. Therefore, we suggest if students are expected to demonstrate ST skills in a task, both groups need 

to be explicitly scaffolded and provided with prompts to help them demonstrate certain ST skills. 

 When further inves>ga>ng the extent graduate students demonstrated the 11 ST skills, the same 

themes were uncovered from our analysis of undergraduate student skills, with a few small differences. 

Both undergraduate and graduate student system maps had substan>ally more concepts and 

connec>ons at macroscopic levels of granularity than submicroscopic levels, sugges>ng that all students 

need to be explicitly prompted to consider concepts and connec>ons at the submicroscopic level. 

Without considering these levels of granularity, we found undergraduate students’ system maps on 

average had more concepts compared to graduate students’ system maps. However, when looking at the 

types of connec>ons, graduate student system maps on average included more interconnec>ons among 
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concepts compared to undergraduate student system maps (e.g., fewer concepts but more connec>ons 

between these concepts). Both groups did not include many complex connec>ons (e.g., moderated 

connec>ons or circular connec>ons sugges>ng the need to focus on these aspects of ST skills in the 

chemistry classroom. 

Most undergraduate and graduate students could predict how their system maps changed over 

>me and used descrip>ve and rela>onal types of reasoning to explain why the map changed. Some 

students’ explana>ons would men>on the interconnectedness of their system map but would not 

explicitly explain the mul>ple factors involved. Therefore, in ST tasks that expect students to explain 

behaviours of their system maps, both undergraduate and graduate students need to be explicitly taught 

and prompted to engage in mul>-component reasoning. 

Lastly, we found that undergraduate and graduate system maps had a breadth of connec>ons 

but did not include human connec>ons to the underlying chemistry. Therefore, in both undergraduate 

and graduate chemistry classrooms, educators need to make explicit connec>ons to human dimensions 

when teaching chemistry concepts to students. 

 Overall, the findings from this analysis suggest that when teaching ST skills to students, explicit 

scaffolding and promp>ng of ST skills need to be provided for both undergraduate and graduate 

students. 
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Chapter 4: “Systems thinking encourages a safe space to offer different 

perspec'ves and insights”: Student Perspec'ves and Experiences with ST 

Ac'vi'es  

4.1 Introduc<on to the manuscript in Chapter 4 

Our previous research in Chapter 3 helped us understand the types of ST skills chemistry students do 

and do not naturally demonstrate during ST tasks, which focuses on students’ cogni>ve domain. This 

research is beneficial to educators in understanding where they can place more emphasis on teaching ST 

skills in a chemistry course. But we did not know students’ underlying experiences with demonstra>ng 

these ST skills nor how they felt about engaging in the ST ac>vi>es. 

 In this chapter, we aimed to further understand how to plan and implement ST ac>vi>es in 

chemistry educa>on by inves>ga>ng students’ experiences of and perspec>ves toward ST ac>vi>es. 

Resistance to new approaches can also apply to students, since learning chemistry is correlated with 

several factors such as their mo>va>on and axtude toward chemistry,1,2 emphasizing the importance of 

understanding their perspec>ves and experiences with ST approaches. This research is needed to 

determine the outcomes of students’ feelings and axtudes when engaging in ST ac>vi>es in chemistry 

since axtude is correlated with academic outcomes and learner engagement and has been connected to 

students’ gender and racial iden>ty.2–7 Therefore, in this study we inves>gated the following ques>ons: 

(1) What are undergraduate and graduate students’ experiences construc>ng system maps during 

individual and collabora>ve ST tasks? and (2) What are undergraduate and graduate student 

perspec>ves toward ST tasks in chemistry educa>on? 

We used the remaining data from the ST interven>on to inves>gate these ques>ons. However, these 

ques>ons were not the ini>al research ques>ons of the study, and the data was not analyzed only once. 

For context, our ini>al research ques>ons were: (1) In what ways might collabora>on impact the systems 

created? and (2) How might the crea>on of these group systems affect par>cipants feeling of inclusion? 

These research ques>ons were too specific, and the data collected did not inform those ques>ons, 

leading to analyses that were not very meaningful. We collected a lot of rich, meaningful data from the 

ST interven>on that required us to take a new perspec>ve, rather than star>ng this project from the 

beginning and developing a new research design. I like to use the analogy of walking through a maze to 

describe my experiences working on this project, where I had reached mul>ple dead ends before finding 

the right path. This experience can be paralleled with conduc>ng chemistry experiments where one may 

plan to run an experiment and execute that plan but experience failed experiment aier failed 
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experiment. Aier some troubleshoo>ng and deeper inves>ga>on, one may achieve a successful 

reac>on. As a researcher, these “failed” experiences can be turned into valuable learning opportuni>es 

that can make the product or findings more sa>sfying and significant. 

I overcame this challenge in two ways: (1) by gaining different perspec>ves of the data when working 

with an undergraduate student, Zahra Lalani, and (2) by taking a different perspec>ve of the data with 

new research ques>ons. Zahra entered the project with no prior knowledge of ST which was beneficial 

for the perspec>ves she brought to our conversa>ons. Aier we both situated ourselves with the data, 

we were able to bounce ideas off one another and created research ques>ons that holis>cally captured 

the data. The findings of this work became something even greater and more meaningful than what I 

ini>ally imagined. This research gathers evidence of students’ experiences and perspec>ves with ST 

which contribute to best prac>ces for implemen>ng ST and its impact on chemistry educa>on. 

Addi>onally, this work is the first to iden>fy the poten>al impact that sharing and gaining diverse 

perspec>ves may have on student learning and engagement as well as equity, diversity, and inclusion 

(EDI) in chemistry educa>on. Without embracing these experiences and diverse perspec>ves, we may 

not have learned about the important implica>ons toward EDI. 

Diverse perspec>ves and experiences are valuable in many different roles and sexngs – the main 

message I take away from engaging in this project. Our research is informed and shaped by the different 

perspec>ves and experiences of students who par>cipated in this study, the researchers who conducted 

this study, and the instructors who may use the findings from this study. When prompted carefully, 

students bring personal experiences, culture, and interests that can shape an inclusive learning 

environment. Researchers can bring personal interests and ques>ons throughout the research process 

which helps to shape the overall findings and educators bring important perspec>ves for puxng 

research into prac>ce. I deeply thank Zahra for the perspec>ves she brought to this project and her work 

analyzing students’ perspec>ves on ST. I also thank all the students I have worked with over the years, 

Emily Duhart, Chris>ne Paque3e, Jade Poirier, and Samira Behroozi, who contributed to prior analyses 

on this project. It has been such a privilege for me to learn from and share with members of the Flynn 

Research Group, the educa>on and chemistry educa>on communi>es, collaborators, mentors, and 

mentees, throughout my PhD.  

While this journey was the longest, I am the proudest of this research. Because of this work, I was 

invited to give a presenta>on in the EDI symposium at the 2024 Canadian Chemistry Conference and 

Exhibi>on, and present at the 2024 IUPAC Interna>onal Conference of Chemistry Educa>on. The 

publica>on in this chapter has also received the Editor’s Choice recogni>on in the Journal of Chemical 
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Educa4on,8 was featured in the ACS Publica4ons Educa4on Insider,9 and has been read by over 1300 

people. 
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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
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 university 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 di!erent perspectives, (2) participants included
chemistry concepts and connections in their system maps despite having di"culties, (3) system maps emphasized problems/
solutions and causes/e!ects and di!ered 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 planning and implementing ST activities and identify future research
required to better understand the impacts of ST in chemistry education.
KEYWORDS: Systems Thinking, Qualitative Analysis, Chemistry Education Research, Diversity and Inclusion, Undergraduate, Graduate,
Higher Education, University Learning

■ INTRODUCTION
Recent e!orts have been directed toward understanding
educators’ perspectives of systems thinking (ST) in chemistry
education;1−3 however, students’ perspectives (e.g., attitudes,
thoughts, perceptions, opinions) are much less well-known.
While many ST resources and activities have been published,
the extent of understanding student perspectives has been
limited to receiving feedback on their experiences.4−6

Motivation and engagement in learning have been shown to
play a role in academic outcomes; therefore, students’
experiences (doing ST) and perspectives (attitudes, thoughts,
perceptions, and opinions about ST) need to be better
understood.7 Gathering evidence of students’ experiences and
perspectives with ST can contribute to best practices for
implementing ST and its impact for chemistry education.
Current Limitations in the Educational System

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 knowl-
edge and skills to make connections to other disciplines and

global issues (Figure 1).8 For example, a student learning
chemistry through these approaches may learn specific
properties related to chemicals but may struggle with
identifying and understanding the impact chemistry has on
global contexts and vice versa. ST has been proposed to
complement 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
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skills such as asking questions related to how a chemistry
concept or process may contribute to a UN SDG or identifying
the intended and unintended consequences of a chemical
substance or process.8,11−14

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, 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 The
Organization for Economic Co-operation and Development
(OECD) Learning Compass 2030 highlights the importance of
cognitive and metacognitive skills, social and emotional skills,
and physical and practical skills for 21st century skills; all these
skills are becoming essential as classrooms and workplaces
become more diverse.20 Building the capacity to understand
and achieve the SDGs and expectations of a 21st century
workplace requires evidence-based approaches to postsecon-
dary STEM education.
The US National Research Council has identified collabo-

ration and ST as skills required for jobs of the 21st century.21,22
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. Collabo-
ration allows information to be incorporated from multiple
sources of knowledge, perspectives, and experiences and
provides an opportunity to enhance creativity and quality of
solutions stimulated by diverse group members.23,24
The proposed benefits of ST from other disciplines have

propelled interest in implementing ST in chemistry educa-
tion.25−29 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 Sustain-
ability: Toward 2030 and Beyond Project:30

Systems thinking is the ability to understand and interpret
complex problems (ref 31, 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 32, p 39). Systems exist at multiple scales,
including microscopic, 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).33−37

Research suggests that developing ST abilities requires
carefully designed instruction with a focus on students’
learning and applying ST skills.33,38−42 There have been
multiple lists of ST skills published in the literature,1−3

including several studies in the context of chemistry
education.17,33 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 sca!olding) employed by undergraduate
chemistry students (Figure 2).43
This previous work helped us to understand what ST skills

students do and do not readily demonstrate so that educators
can be informed on which ST skills to explicitly sca!old 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 activitieshighlighting
aspects of ST that may be beneficial and challenging for
students.
Goals and Research Questions

This study is guided by the following research questions:

Figure 1. Di!erence between common teaching approaches and systems thinking approaches with supporting knowledge transfer and skills in
chemistry classrooms. Left side: A student learning through a common teaching approach understands specific properties related to chemicals (e.g.,
nitrates and hydroxides) but may not learn to apply their knowledge in other contexts. Right side: A student learning through a ST approach will
identify the impact chemicals have on the environment and understand the factors involved.
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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 toward systems thinking tasks in chemistry
education?
We aimed to achieve two goals in this study: (1) understand

student experiences of and perspectives toward using 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 e!ectively implement ST
(including tools like system maps) into chemistry courses to
support the development of ST skills.

■ METHODS

Context and Participants

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 O#ce 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.
The study sample for the ST intervention (N = 24)

comprised 18 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 S1.1.

Data Collection

We designed and implemented a ST intervention and
interviews, previously described in this Journal,43 to capture
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 preactivity with cognitive

and a!ective instruments, (2) three ST tasks, and (3) a
postactivity with the same cognitive and a!ective instruments,
a ST question, and a demographic survey, all completed in one
session and online due to the COVID-19 pandemic (Figure 3).
Details of the cognitive and a!ective instruments are provided
in S1.2.
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 simula-
tion)44 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 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 postactivity
that asked participants how ST might a!ect their classmates’

Figure 2. ST skills aligned with five characteristics of STICE chosen for assessment in a previous study. Reprinted from ref 43. Copyright 2023
American Chemical Society.

Figure 3. Design of the ST intervention and interviews used for this study.
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perspectives when engaging with ST tasks in a chemistry
course.
Student Interviews
We developed a structured interview protocol based on the
research questions and qualitative research methods in the
literature (details in S3).45,46 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.
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
min).
Group Task Protocol
When creating the ST intervention, we developed semi-
structured group task prompts to elicit specific ST skills (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 S1.2).
Data Analysis
We analyzed the data from the interviews, group task
recordings, and postactivity responses using well-established
methods (Figure 4).47,48
First, we transcribed the audio files from the interviews and

group recordings (Task 3) verbatim and wrote memos on
patterns uncovered from the interview, group task, and
postactivity 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 questions.
During data analysis, we created two coding schemes, one for
student experience codes (RQ1) and another for student
perspective codes (RQ2). The final coding schemes and a
detailed explanation of the data analysis are presented in S4
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 participants’

experiences and perspectives and the context of the study, as
explained in S1.5.49−52

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, 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, 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, and
(3) retrieve the information as needed (Figure 5).43,53 Modern

IPT incorporates learners’ characteristics (e.g., self-regulation,
beliefs, culture, and a!ect) and the learning environment as
these factors greatly influence learning.10,43,54
Researchers predict that educators can harness students’

diverse range of prior knowledge in ST approaches beyond just
chemistry knowledge.55 Therefore, educators need to consider
strategies for e!ectively activating learners’ prior knowledge,
including learners’ experiences, beliefs, and noncontent factors
(e.g., attitude, cognitive expectations, motivation, self-concept,
self-regulatory strategies, understanding the nature of sci-
ence).10,43,55
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

Figure 4. Overview of steps for qualitatively analyzing interview, group task recording, and ST question response data.

Figure 5. Model of modern information processing theory.
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maps.43 Relevant prior knowledge from the learner’s long-term
memory impacts how that knowledge is stored and organ-
ized.56 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, or
culturally relevant to them.55 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.57 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 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.
Sociocultural theory explains how the learning environment

plays an integral role in cognition.55,58 This theory stresses the
importance of culture and social interaction in developing and
shaping individuals, with an essential application being peer
collaboration.58−60 The Supporting Information has more
information about how these theories are embedded into the
ST tasks of the ST (S1.4).
Researchers have previously proposed that ST can be used

to engage students in social, historical, and cultural
interactions.55 Since chemistry classrooms are composed of
students from diverse backgrounds and experiences, these
students can share and gain di!erent ideas and perspectives,
o!ering rich opportunities for them to learn from one another.

If a student achieves a di!erent self-awareness or perspective
from engaging in ST activities, their transformed thinking can
be explained by sociocultural theory.55 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.

■ RESULTS AND DISCUSSION
RQ1: What are undergraduate and graduate student experi-
ences 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.
While collaborating, participants recognized and
appreciated di!erent perspectives
Most participants described having beneficial experiences when
constructing system maps collaboratively, with a few
challenges.

Participants recognized and appreciated di!erent
perspectives and ideas from group members. Partic-
ipants indicated they gained new perspectives or ideas related
to the ST task from their group member(s) because having a
group discussion allowed them to bounce ideas o! 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 di!erent ways
of thinking about a topic. These responses typically come from

Figure 6. Conversation among three undergraduate students in the group task with their system map. U11 mentions there is a unified feel of the
concepts in the group system map. U12 and U14 agree and indicate other benefits of creating a group system map.
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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 di!erent perspectives helpful
and interesting (Figure 6).
In the collaborative ST activities, students had the

opportunity to share di!erent 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 good opportunity to invite
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 6 communicate why it is important for educators to
embrace diversity in the chemistry classroom. Students from
diverse backgrounds can share their ideas and experiences with
others in activities to facilitate educational outcomes such as
cultural knowledge and awareness, recognizing the complexity
of issues and learning to work with di!erent kinds of
people.61,62 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.63−67 More research is needed to
investigate if using a ST approach can produce these cognitive
and a!ective outcomes.
Group system maps allowed students to bring more

aspects together and give a more well-rounded view of
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 con-
nections between biology and chemistry concepts (Figure 7).
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.68 When engaging in systems

mapping exercises, students valued the opportunity to reflect
on multiple aspects of chemical processes.68 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 di!erent perspectives.

Constructing group system maps was more mean-
ingful 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
was better because it contained more “meaningful concepts” or
created a product that matters (Figure 8).

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 problem
(e.g., climate change) (Figure 9).

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.
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 di!erent perspectives can lead to
improved educational outcomes and serve as a catalyst for
new ideas.63,69−72

Collaboration helped students elicit systems think-
ing skills. Participants’ ST skills were also enriched when
having the opportunity to discuss ideas and share perspectives.

Figure 7. G4 mentioned they gained an additional perspective from
their partner’s system map that helped bridge concepts from
chemistry and biology to see a well-rounded view of the topic.

Figure 8. U3 stated that the group system map contains more
meaningful concepts compared to their system map as they were
stating facts.

Figure 9. G2 identified that they saw di!erent aspects of a topic
compared to their partner but realize they could not consider one
aspect without considering the other; therefore, both aspects needed
to be considered when making e!orts to address the problem (e.g.,
climate change or pollution).
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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 di!erent 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 di!erent ideas more easily (Figure 10).

Collaboration also helped participants with the ST skill:
identif ying emergence. Emergence involves a property or
behavior resulting from interactions between system parts,
rather than an individual part.33,43 In this study, the group task
helped participants identify a new topic or purpose for
constructing their system map that emerged when considering
similarities between their individual topics. Some participants
identified a more significant meaning or importance for
constructing their system map after they identified a new
topic, as previously shown (Figure 8). Six of the ten groups
constructed their system maps from scratch, starting with a
new topic from their conversation (Figure 11A). The four
remaining groups copied one or both of their system maps,
placed them side by side and tried making connections
between the concepts (Figure 11B).

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 may not
appropriately be activated, or their working memories may be
overloaded.58,73,74
Collaborative approaches have been found to provide social,

psychological, academic and assessment benefits for students’
learning and skill development.75−77 Learning theories support
that social and cultural interactions are critical for stimulating
developmental processes, fostering cognitive growth, and
transforming students’ learning experiences.58,59 We found
collaboration to be beneficial for eliciting ST skills,
unsurprisingly.
Most participants reported positive and beneficial experi-

ences from collaboration; however, one participant 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
12). 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 need to explicitly sca!old and prompt students to
think about finer granularity levels (e.g., molecular) related to
the topic of interest.78
A few participants mentioned that having di!erent ideas and

topics as a group made it more challenging to make some
connections (G1, Figure 12). One participant indicated that
considering more perspectives and concepts from their partner
can be overwhelming (G4, Figure 12).
These student experiences highlight potential challenges that

educators should be mindful of when integrating collaborative
ST tasks into a course. To ease students’ feelings of being

Figure 10. U12 mentioned that, when given the chance to discuss
their system maps in a group, they could bounce o! ideas allowing
them to identify interconnections between di!erent ideas more easily.

Figure 11. Examples of group system maps. (A) A group system map constructed using a new, emergent topic. (B) A group system map
constructed by placing individual maps side by side and making a connection.
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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, asynchro-
nous ST opportunities can be implemented for students to
work at their own pace and can be guided through the use of
sca!olding tools and feedback approaches.79−81 Educators
should consider ways to include those who are neurodivergent

(e.g., autistic, Attention Deficit Hyperactivity Disorder,
dyslexia) as working in a group can be overwhelming and
ine!ective.82 Equity, diversity, and inclusion (EDI) researchers
have suggested that student−instructor interactions in an
active learning environment can also promote students’
success.70 In particular, “demonstrating confidence in students’
abilities and reinforcing a growth mindset will encourage

Figure 12. Examples of group map challenges and disadvantages reported by participants (U12, G1, and G4).

Figure 13. Examples of approaches used to add concepts by participants (G1 and U10).

Figure 14. U6 mentioned molecular concepts when explaining their system map but did not explain or show the sources of how the molecules are
produced or how they increase the global temperature. U6’s system map is on the right.
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students to persist through challenging activities” such as
challenges with making connections.70
Overall, the findings presented in this theme suggest 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 common teaching approaches in chemistry
education are used.83 Inclusive teaching pedagogy that
supports the experience of a diverse student population can
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.84−90 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 Di!culties

Participants made connections to chemistry using
di"erent approaches. These approaches include incorporat-
ing general knowledge from personal experiences, adding
concepts by using a ST lens (e.g., thinking about
interconnections, inputs/outputs, causes/e!ects, problems/
solutions, zooming in and out of di!erent perspectives), and
incorporating disciplinary knowledge (Figure 13).
Despite these e!orts, participants identified di"culties

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 di"culty 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
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 nitrogen oxides) 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 14).
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.43 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.91−96 Typically,
chemistry teaching is focused on the submicroscopic level (via
the representational level), which does not automatically help
students move comfortably between all levels of representa-
tion.97,98 As a result, students can get confused and lack
motivation toward chemistry.93
Participants also indicated they had di!culty using

chemistry concepts to make connections. One partic-
ipant mentioned that they could have focused more on the
chemistry aspects of their topic but they learned about climate
change from the news or conversations with people who do
not focus on the finer scientific details (Figure 15).

Our findings show that participants may not have the
opportunity to learn the 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
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.
Teaching approaches in chemistry often lead to students not

being able to use or transfer their knowledge e!ectively in
situations where it is needed, having di"culties with recalling
what they are learning and oversimplifying their understanding
of complex phenomena.99−104 Therefore, chemistry educators
and professional associations 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, the economy, the environ-
ment, and human health.8,12,102,108−110 When implementing a
ST activity in a chemistry course, in the context of a specific
global issue, the educator needs to (1) explicitly highlight the
role that chemical concepts and processes play in the global
issue and (2) provide opportunities for students to use,
articulate, and demonstrate ST skills in new contexts. Future
ST studies could focus on using the Model of Educational
Reconstruction to analyze students’ understanding of the
chemistry in socio-environmental issues (e.g., climate change)
when engaging in a ST approach and their perspectives on the
learning process and subject matter to guide the integration of
socio-scientific issues into chemistry courses.105

System Maps Emphasized Problems/Solutions and
Causes/E"ects and Di"ered in Terms of Organization and
the Intended Purpose

Organization of system maps. Most participants
constructed their individual and group system maps by adding
causes/e!ects and problems/solutions that are aspects of ST
skills and show promise for students’ ST skill development. Of
the participants who added causes/e!ects and problems/
solutions, some participants organized their system maps
starting with their main topic, creating branches to subtopics,
and then adding ideas based on these subtopics (Figure 16a),
while other participants only added ideas related to their main
topic (no explicit branching into subtopics) (Figure 16b).
We used IPT to interpret the di!erences 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 may be more able
to identify the relevant features of their topic and consolidate

Figure 15. U12 realized they could focus more on the chemistry
aspects of their topic, but they did not learn about the scientific details
and suggested that we need to learn about the chemistry behind
everyday concepts in chemistry courses.
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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 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 sub-
systems 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.106
Overall, using a guided approach may lower students’ cognitive
load demands when learning about chemistry’s connection to
complex 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 di!erent audiences and reconstruct or
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 17).

Complementing these findings, we found that participants
explained more connections and concepts verbally compared
to concepts and connections shown in their individual and
group system maps (S2.2). 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,

Figure 16. Example of individual system maps with di!erent organizational strategies and participants’ explanations of how they constructed their
system maps. (A) U14’s system map that is organized by starting with their main topic, creating branches to subtopics, and then adding ideas based
on these subtopics. (B) U5’s system map, which is organized by starting with their main topic and then adding ideas related to this topic (no
explicit branching into subtopics).

Figure 17. U12 indicated their system was created based on
instinctual organization (i.e., how they categorize all ideas naturally)
rather than a designed organization and they would change their
system map for educational purposes.
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brainstorming for personal learning, and navigating con-
nections) 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
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
connections or adding concepts (U3, Figure 18).

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 18). Time was also a factor for
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 di!culties because they did
not know how to use the software, even following a tutorial
(G1, Figure 18).
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 di"erent learning

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.107−109 Literature suggests that learners with
limited domain knowledge can struggle to deploy metacogni-
tive strategies to determine what is relevant and generate
questions for investigation, which can a"ect how learners
organize and present their knowledge.99,110 Therefore, students
need to develop adequate domain knowledge in class that they
can integrate with their prior knowledge and experience. They
also need explicit sca"olding and support to engage in these
metacognitive skills so that they can transfer these skills to
di"erent contexts.99 Providing additional sca"olding to support
the use of online technologies and the 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 assess-
ments 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).
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.
Systems Thinking May Be Beneficial to Learning

Participants stated that ST can help other students
(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 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 helpful 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 approach
may help students connect concepts in chemistry to other
disciplines (Figure 19).
Researchers and educators have indicated the importance of

interdisciplinary science teaching for tackling complex global
problems because these problems require insights from
multiple disciplines to fully understand.111−113 Some research-

Figure 18. Examples of knowledge, time, and technology skill
limitations reported by participants (U3, U9, and G1).

Figure 19. G7 mentioned that ST may help students connect
concepts in chemistry, especially between disciplines.
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ers 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.12,83,114 To arrive at
sustainable solutions to global challenges that e!ectively use
knowledge in chemistry, one needs to develop disciplinary
skills outside of chemistry and collaborate with other scientists
and nonscience-based professionals.11,115 Therefore, chemistry
educators may consider how to integrate interdisciplinary
learning outcomes in their courses 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 chemistry
and help students build toward a future purpose or goal.
Additionally, one participant indicated that a ST activity could
promote critical thinking (Figure 20).

This finding shows that ST tasks may promote students’
critical thinking skills when students have opportunities to
brainstorm concepts about a particular topic, which has been
previously postulated.112 Critical thinking is often experienced
as a byproduct of interdisciplinary learning.112 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.21,22

Systems Thinking Captures Interest and Engagement
Participants had enjoyable ST experiences and

mentioned that ST may positively impact students’
a!ective 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
postactivity 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 chemistry more interactive, interesting, and
engaging for students who are not interested in chemistry (G4,
Figure 21). G4 also indicated their interest with engaging in
the ST tasks (S4.3, Theme 2). ST may be e!ective at capturing
students’ interest because it allows students to focus on the
specific aspects of systems that they are passionate about (G8,
Figure 21).
Collectively, these findings show that ST may improve

student engagement and interest in 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.17,116,117
Additionally, improving student engagement significantly
predicts academic achievement in chemistry.7 Given that
e!ective 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, partic-
ipants 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 ST activities are important for learning since
they allow others to share and gain perspectives (Figure 22).

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 di!erent from how they listed their initial
connections on the Google form. Creating system maps
allowed them to see the complexity of connections between
concepts that they had not considered before and how they
view things in di!erent ways (Figure 23).
Similar to the findings about students’ experience, G7 may

have engaged in metacognitive processes to understand how
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.112 Our findings identify
the potential significance of perspective taking for students and
therefore should be considered in the design of ST activities.

Figure 20. U16 mentioned that the brainstorming phase of the ST
activities could help students engage in thinking deeper about
concepts and promote critical thinking.

Figure 21. Participants G4 and G8 mentioned ST might help capture
students’ interests, including students who are not initially interested
in chemistry.

Figure 22. U11 mentioned that collaborative ST activities encourage
a safe space to o!er di!erent perspectives and insights which they
believe is an important aspect of learning.
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Systems Thinking Provided Personal, Social, and
Professional Relevance
Participants indicated that ST provides: (1) profes-

sional relevance, allowing participants to view possible
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 24). Educators
also believe that ST may expose students to less mainstream
career paths they may not have considered.114 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 issue (social relevance) (U17, Figure
24). Lastly, participants’ responses indicated ST may provide
relevance to their own or others’ lives (personal relevance)
(U9, Figure 24).
These findings show the potential for ST to make

connections that are relevant to studentspersonally, socially,
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.

■ IMPLICATIONS FOR TEACHING AND RESEARCH
This work is one of the first in chemistry education research
focused on ST 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 e"orts 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.

■ 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 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 group system maps by adding causes/e"ects and
problems/solutions and used di"erent organizational strat-
egies. 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 di#culties
with making chemistry connections among conceptshigh-
lighting an area of focus when implementing ST. Lastly, while
students shared numerous beneficial experiences of construct-
ing system 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

Figure 23. G7 mentioned that, when creating their system map, they
noticed they started making many connections to one concept, which
is not how they were initially thinking about the concepts and
connections.

Figure 24. Examples of participants’ quotes on professional, social, and personal relevance (U4, U17, and U9).
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enthusiasm from students shows great promise for the
potential of ST in chemistry education and support for its
implementation in chemistry courses.

■ 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 under-
graduate and graduate students, due to our limited sample 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 perspectives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
and at one institution. Future studies would be needed to
determine student perspectives and experiences when ST
activities are implemented within a course and in di"erent
educational and institutional contexts to further explore the
opportunities and challenges of ST implementation.
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Table 1. Summary of Recommendations for ST Instruction in Chemistry and Future Chemistry Education Research, Based on
This Study’s Findings

Findings from This Study Recommendations for ST Instruction in Chemistry Education
Participants recognized and appreciated di"erent perspectives and ideas from group
members.

Include explicit opportunities for students to share and gain diverse
perspectives.

Participants indicated they had di#culty or were uncertain about using chemistry concepts
to make connections.

Explicitly highlight the role that chemistry concepts and processes
play in the global issue.

Participants may not have the opportunity to learn scientific details of climate change. Provide opportunities for students to use, articulate, and demonstrate
ST skills in new contexts.

Participants believed that engaging with ST can (1) allow students to relate real-life to
chemistry concepts, (2) teach students the many applications that chemistry has in the real
world, and (3) help students connect concepts in chemistry to other disciplines.

Consider integrating interdisciplinary learning outcomes to elicit ST
and critical thinking skills.

Participants who organized their system map with subtopics made more interconnections
compared to those who did not.

If using systems maps in a ST activity, consider using a guided
approach to teach students how to construct system maps.

Participants’ intended purpose of constructing their system map limited the number of
concepts or connections they included in participants’ system maps.

Consider the di"erent educational purposes for using system map
(e.g., presentation, brainstorming for personal learning, and
navigating connections) and avoid assessing the system map
directly.

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

Provide sca"olding to support the use of online technologies and
development of technology skills.

Consider timing require to complete ST activities or assessments.
Allow students to develop adequate domain knowledge in class so
that they can integrate this with their prior knowledge, experiences,
and interests.

Findings from This Study Recommendations for Future Chemistry Education Research
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 problem (e.g., climate change).

Investigate if using a ST approach can support active thinking, cognitive sophistication,
and intellectual engagement when students with diverse perspectives interact.

While collaborating, participants recognized and appreciated di"erent
perspectives. The findings from 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.

Measure inclusion and equity outcomes of a collaborative ST approach in STEM
education including, whether ST can (1) enhance the learning and success of all
students, (2) support STEM innovation, (3) decrease disparities in academic success of
underrepresented students, and (4) increase student retention and persistence in STEM
programs.

Identify if ST approaches in chemistry education improve student engagement and lead to
academic achievement.
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Chapter 5: Using systems thinking to evaluate misinforma'on 

5.1 Introduc<on to the research presented in this chapter 

Misinforma>on and disinforma>on are the biggest short-term risks based on risks percep>on data 

from the World Economic Forum’s Global Risk Report 2024.1 Misinforma>on is the uninten>onal 

dissemina>on of inaccurate informa>on while disinforma>on is the dissemina>on of inaccurate 

informa>on with the inten>on to cause harm. Like, business leaders, researchers need to constantly take 

a cri>cal stance on the trends and pa3erns of informa>on to create new ideas for improving current 

processes, products, and services. The same can be true in the context of educa>on – cri>cally 

iden>fying areas that need inves>ga>on of educa>onal approaches to help solve educa>onal challenges. 

The ini>al projects we created for my degree are the research described in Chapters 2 to 4. Chapter 5 

introduces a new plan of a ST project that was created to extend our ST research. 

Exploring ST as a poten>al approach for evalua>ng false informa>on emerged from a brainstorming 

discussion on future ST research with Dr. Alison Flynn and Dr. Peter Mahaffy. We discussed current global 

issues where educa>onal research could be most beneficial for the educa>onal and chemistry educa>on 

communi>es. The rapid increasing concern of ar>ficial intelligence (AI)-generated disinforma>on and 

spread of misinforma>on on global issues such as the coronavirus (COVID-19) pandemic brings a3en>on 

to the need for educa>onal research on approaches that can equip ci>zens and students with the 

knowledge and skills to iden>fy and evaluate informa>on and be proficient with AI technology.2–4 

I have been personally invested in conduc>ng research on misinforma>on and disinforma>on as 

most of my degree has been completed during the COVID-19 pandemic and over these years, I have 

observed the spread of false informa>on about COVID-19 and distrust in mi>ga>on prac>ces, including 

vaccina>on, through the news and conversa>ons with people.5,6 Mistrust in science and scien>sts can 

have profound impacts on people’s health as shown by those who believe vaccines are harmful.7 These 

beliefs not only endanger the lives that hold this idea but also the greater popula>on that depends on 

high levels of vaccina>on for their health.2 Vaccine hesitancy and denial are likely responsible for a large 

por>on of COVID-19 deaths.8 

Extending our contribu>ons to the ST literature, we also wanted to explore the impact of a ST 

approach based on what we learned from our previous studies by expanding our research in a classroom 

sexng. Dr. Flynn showed trust in me by giving me the freedom to create and run a ST ac>vity that 

explored a misinformed topic in her Organic Chemistry II course. While I had a lot of experience teaching 

high school students and TAing undergraduate students, this was my first opportunity to teach in a 



 146 

university-level chemistry class, which meant a great deal to me, and I thank Dr. Flynn for trus>ng me 

throughout the process. This opportunity served as a pilot for crea>ng the design of the new ST study 

described in this chapter. 

I designed an experimental study to explore the impact of a ST approach for evalua>ng false science 

informa>on. Unfortunately, I ran out of >me in my degree to obtain IRB approval and follow through 

with the study as I was focused on comple>ng the final analysis in Chapter 4. Fortunately, a then-

undergraduate student, Kathryn Bruyere, who worked on the educators’ perspec>ves ST project in 

Chapter 2, was interested in working on this new ST project for her Honours project. She has used the 

design as a star>ng point and will now con>nue to pursue this research in her graduate studies. I am 

beyond thrilled to see this project be carried out. I am even happier to see that she has shaped the 

design of the study to focus on her interests (e.g., looking at misinforma>on about vaccines with 

students in a biochemistry course). Designing and outlining this project has given me a boost of 

confidence in becoming a chemistry educa>on research professor. The fact that this project will be used 

as a graduate project makes me believe that my knowledge and experiences are valuable. Thank you, Dr. 

Flynn, for con>nuously believing in me, even during the many >mes I did not believe in myself. 

The following chapter has mul>ple sec>ons: (1) a proposal of ST’s role for evalua>ng false science 

informa>on in the form a drai commentary (Chapter 5.2.1), (2) an in-depth literature review on the 

current approaches used to evaluate science informa>on (Chapter 5.2.2), and (3) an overview of the plan 

for conduc>ng the project (Chapter 5.3 to 5.6),  outlining theore>cal frameworks, research ques>ons and 

goals, methods, and next steps for this new ST project. Dr. Alison Flynn (corresponding author), Dr. Peter 

Mahaffy, and I are the authors of the drai commentary >tled, “Systems thinking as a poten>al approach 

for evalua>ng false science informa>on” found in sec>on 5.2.1. The rest of the chapter 5.2.2 to 5.7 is not 

part of the commentary but rather other areas I have intellectually contributed toward developing the 

research project. We created the commentary as a call to ac>on for science educa>on research needed 

to inves>gate ST’s role in evalua>ng misinforma>on, as no research has explored this topic and there is 

urgent need to help ci>zens and scien>sts develop the knowledge and skills to navigate through our 

modern, digital world. 
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5.2 Introduc<on  

5.2.1 Systems thinking as a potenEal approach for evaluaEng false science informaEon 

Alisha R. Szozda1, Peter G. Mahaffy2, Alison B. Flynn1* 

 
1 Department of Chemistry and Biomolecular Sciences, 10 Marie Curie Pvt, Faculty of Science, University 

of O3awa K1N 9A7, O3awa, Ontario, Canada  

2Department of Chemistry and the King’s Centre for Visualiza>on in Science, The King’s University, 
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Immediate ac>on is required to address the growing fake news phenomenon as its 

consequences are increasingly dangerous at both individual and collec>ve levels: manipulated vo>ng, 

people who do not vaccinate their children, people who do not wear masks during a pandemic, people 

that try suspicious treatments, denial of anthropogenic climate change, and portrayal of ethnic groups as 

enemies.9,10 The dissemina>on of deliberate and nondeliberate false informa>on has been increasing in 

recent years (i.e., disinforma>on and misinforma>on, respec>vely), par>cularly due to the influence of 

social media and the growing use of ar>ficial intelligence.11–13 Science has been brought into the 

spotlight from the COVID-19 pandemic and has led many scien>sts to disseminate informa>on in 

popular media. An infodemic (i.e., a large amount of informa>on, accurate or not) was facilitated by 

social media leading to interference with disease preven>on policies, undermining public trust in 

science, and hindering individuals capacity to make evidence-informed choices.9,14 In response, the 

World Health Organiza>on has been training professionals to combat misinforma>on from this 

infodemic.15 Addi>onally, Genera>ve Ar>ficial Intelligence (GenAI) has been beneficial for helping 

ci>zens and scien>sts summarize and generalize large amounts of exis>ng informa>on and has made 

progress toward achieving Sustainable Development Goal 4, ensuring inclusive and equitable quality 

educa>on and promo>ng lifelong learning opportuni>es for all.16 However, GenAI systems contain piqalls 

such as repor>ng misleading informa>on when their systems are trained and operate on biased or 

unreliable data.13 Thus, the user of GenAI needs to assess the quality of informa>on produced.  

Several promising ini>a>ves are being explored, including large-scale automated approaches,17 

increased responsibility by social media services,18 and scien>sts speaking out when seeing false 

mailto:alison.flynn@uottawa.ca
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informa>on being presented on social media.9,19 However, when trying to correct misleading claims on 

social media, scien>sts are oien constrained by word limits on the plaqorms, which leads to approaches 

such as persuasive appeal, the use of quotes from scien>fic authority figures or illustra>ng single-study 

results as “anecdotal evidence”.20 Scien>sts are also compe>ng with preprints (i.e., scien>fic papers that 

are not peer-reviewed by a journal) that convey anecdotal evidence, making it even more difficult to 

differen>ate reliable, cumula>ve scien>fic evidence from the temporary nature of preprint findings. 

While these approaches can help mi>gate the spread of inaccurate informa>on, they do not provide a 

long-term solu>on for genera>ng a more scien>fically literate society.9 A long-term solu>on needs to 

help people develop the abili>es to cri>cally examine informa>on and reach a judgement about its 

trustworthiness based on evidence and reasoning.9 

Educa>on is considered an essen>al part of the long-term solu>on, in which evidence-based 

approaches are needed to equip learners with the knowledge, skills, and tools to be able to cri>cally 

examine and assess informa>on.9,14,21,22 Students are a large popula>on who are ac>vely present on 

social media networks; therefore, are highly exposed to dis-and misinforma>on. Science lessons are 

par>cularly suitable for examining misinforma>on and genera>ng knowledge about chemical 

phenomena (e.g., COVID-19 pandemic).11 However, formal science educa>on does not typically address 

the issue of misinforma>on or teach science media literacy.3 Addi>onally, the range of science 

communica>on prac>ces for students (both inside and outside the classroom) is small — limited to 

visi>ng extracurricular learning sites or visits of professionals and experts at school.11 There are also only 

a few programs that have trained students to communicate with non-experts.14 Another cri>cal aspect of 

these approaches is to facilitate student iden>fica>on of fake news.11 Students' prior knowledge plays a 

decisive role in iden>fying fake news, which must be generated by suitable prac>ces.11 While there is 

widespread agreement for increased science literacy across ins>tu>ons, the literature does not clearly 

ar>culate what it means to be science literate in the 21st century and what skills students need to be 

equipped with to protect themselves against misinforma>on.4 

Science educators have an important role in equipping the next genera>ons of students and 

ci>zens with the skills to deal with dis- and misinforma>on and learn how to evaluate it using evidence-

based approaches. Systems thinking (ST) has emerged in the literature as an approach for addressing 

sustainability challenges through Green and Sustainable Chemistry prac>ces.23,24 These global challenges 

are mul>dimensional problems of complex systems that require a systemic lens for genera>ng solu>ons. 

Therefore, addressing these global challenges requires analyzing the complex system as a whole rather 

than just looking at a collec>on of its parts, examining the factors involved in the system along with their 
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interac>ons, and how those interac>ons lead to system behaviours that change over >me.25 Scholars in 

scien>fic communica>on have argued that if science literacy has a goal of enabling learners to iden>fy 

misinforma>on on complex scien>fic issues, science literacy must extend beyond tradi>onal ways of 

thinking about and learning science.4 Approaches should be focused on the en>re “science informa>on 

lifecycle”, which involves understanding how science informa>on is generated by the scien>fic 

community, how the media disseminates this informa>on, and how individuals access, process, and form 

opinions on that informa>on.4  

A recent literature review looked at research on COVID-19 and its implica>ons on environmental 

phenomena from a systems-oriented perspec>ve.24 Selin claims one reason why research on global 

challenges (e.g., COVID-19) benefits from a systems thinking approach is that “ analyses that do not 

account for systems behavior risk mischaracterizing the pandemic’s impacts, implica>ons, and related 

causal mechanism.”24 The review found few studies and commentaries focusing on evalua>ng 

environmental and sustainability impacts of COVID-19 using a systems lens.24 Not using a systems lens 

results in scien>fic journals presen>ng the effect of COVID-19 and associated pandemic related-policies 

on the environment separate from its impacts on people and ins>tu>ons.24 Informa>on on COVID-19 

presented in this way has led to people making arguments that COVID-19 has been beneficial for our 

Earth based on a few selected factors, and some have made claims that restoring the global environment 

from the effects of anthropogenic ac>vi>es is possible through temporary shutdowns.24 Applying 

systems thinking to examine global challenges could help to avoid these types of mischaracteriza>ons. 

Inaccurate scien>fic informa>on is commonly established from global challenges, sugges>ng that 

a systems approach could be used in science educa>on to teach students how to evaluate claims in the 

literature and on social media. Systems thinking has been previously iden>fied as one poten>al approach 

that can be used as a tool for modelling misinforma>on. However, our perspec>ve piece draws toward 

science students ac>vely using systems thinking skills to evaluate informa>on in different types of media. 

Systems thinking could be used similar to a fact-checker strategy called lateral reading which involves 

leaving an unknown website to consult other sources to evaluate the original source.26 However, systems 

thinking would expand searching for other sources on the same topic by looking at addi>onal factors 

that could help explain a scien>fic phenomenon. For example, one approach could involve using 

misinforma>on on a global challenge to introduce a science lesson. The educator could share two 

opposing claims from the media (e.g., accurate and inaccurate informa>on) and prompt students 

through a set of ques>ons to iden>fy the accurate scien>fic informa>on. Students would use the 

scien>fic knowledge learned from the course and explore addi>onal factors related impacts of the global 
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issue. Iden>fying these components and interac>ons between the components could help students 

understand the impact of a global challenge more holis>cally and use reasoning skills to determine the 

accurate claim. 

Considering how systems thinking is currently being used and inves>gated in science educa>on, 

no studies to date have looked at the impact of a systems thinking approach for evalua>ng inaccurate 

informa>on in a STEM educa>onal sexng. Therefore, some ques>ons emerge for science educa>on; (1) 

To what extent can a systems thinking approach help students evaluate inaccurate science informa>on?, 

(2) What systems thinking skills do students need to develop to evaluate inaccurate science 

informa>on?, (3) What are the benefits and drawbacks of a systems thinking approach for evalua>ng 

inaccurate science informa>on? and (4) What other strategies in tandem with using a systems thinking 

approach are required for helping students evaluate inaccurate science informa>on, if at all? Based on 

educators’ perspec>ves of systems thinking approaches, some educators might argue that there is not 

enough room in the current curriculum or >me to implement such an approach or that a systems 

thinking approach would extend students’ cogni>ve capacity.27 While these are poten>al concerns and 

challenges, empirical inves>ga>on is required before making claims on the impact of using systems 

thinking to evaluate false informa>on. 

Science educa>on research on systems thinking could draw on exis>ng analy>cal approaches for 

assessing global challenges that have been used in scien>fic research such as the human-technical-

environmental (HTE) systems framework.28 This framework provides analysts from different disciplinary 

backgrounds to study a common way to advance systems-focused research on sustainability issues. 

Engaging in the HTE systems framework involves iden>fying and examining the components, considering 

the interac>ons among the components, and providing informa>on that can inform interven>ons.24 

Other scholars have created a framework for conceptualizing science literacy over three dimensions that 

span the lifecycle of science informa>on.4 These dimensions include, (1) civic science literacy skills (e.g., 

understanding how science in produced and how science relates to broader society), (2) digital media 

science literacy skills (e.g., understanding how science informa>on appears and moves through media 

systems), and (2) cogni>ve science literacy skills (e.g., understanding how people interpret science 

informa>on when they come across it).4 A systems thinking lens could complement these three 

dimensions for iden>fying and evalua>ng misinforma>on.  

Advancements in science educa>on research are needed to inves>gate systems thinking’s role in 

evalua>ng misinforma>on and there is ample opportunity for exploring science literacy skills given the 

prevalence of misinforma>on and use of genera>ve AI in the world. Considering the range of complex 
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global challenges we face in today’s society, there is an urgent need to help ci>zens and scien>sts 

develop the skills required to navigate through our modern, digital world. By equipping ci>zens and 

scien>sts with the necessary skills, they will be more prepared to compete for future jobs and be3er 

equipped to advise policymakers that shape the direc>on of governments and ins>tu>ons globally. 

5.2.2 Approaches to evaluate science informaEon in the media 

People assume that students are digital na>ves, equipped with the skills needed to use modern 

technology effec>vely, due to being frequently immersed in digital environments.2,29,30 However, while it 

is true that students are comfortable with technology, evidence indicates they are not proficient.2 

Students of all ages and levels have challenges with evalua>ng informa>on.31,32 Recent research has 

demonstrated that students are prone to accep>ng false informa>on from internet resources and trust 

misinforma>on in digital media similar to how they trust valid informa>on.33,34 Furthermore, research in 

science educa>on has repeatedly suggested that young students accept claims in science ar>cles 

without ques>oning the suppor>ng evidence or reasoning.35,36 These studies suggest that students may 

view scien>fic claims in media as objec>ve, lacking the ability to examine the evidence suppor>ng these 

claims. Therefore, science educa>on plays a vital role in providing students with the competencies 

needed to navigate through and cri>cally evaluate misinforma>on. The following paragraphs illustrate 

the work that has been done to help students recognize misinforma>on and strategies to help students 

develop digital competencies for evalua>ng misinforma>on.  

Based on inocula>on theory, one approach has been used to neutralize poten>al misinforma>on 

before it is encoded,37,38 as it is difficult to correct misinforma>on once it has been processed.39 

Inocula>on theory proposes that people can be prepared for poten>al misinforma>on by aler>ng them 

of poten>al threats of informa>on before they receive the misinforma>on.38,40 The ra>onale of this pre-

exposure is that by “inocula>ng” people in this way, they will recognize flawed arguments and dismiss 

them as decep>ve.38 Research has shown that individuals can be made to resist axtude-changing 

messages or events when they have previously been prepared for the occurrence. Cook et al. (2017) 

explored the impact of misinforma>on about climate change and tested several pre-emp>ve 

interven>ons designed to reduce the influence of misinforma>on. They found that inocula>ng messages 

that (1) explain the flawed argumenta>on technique used in the misinforma>on or that (2) highlight the 

scien>fic consensus on climate change were effec>ve in neutralizing the nega>ve influence of 

misinforma>on on perceived consensus.38 Research into the effec>veness of inocula>ng messages is 

consistent with educa>onal research sugges>ng that teaching approaches that directly address 



 152 

misconcep>ons s>mulate greater engagement with scien>fic concepts, which results in more effec>ve 

and longer-las>ng learning.38,41,42 However, one limita>on of inocula>ng students against misinforma>on 

is that the approach must start early on in their educa>onal journey and treatment requires a sustained 

interven>on.2 Given that students will be faced with misinforma>on outside a classroom environment, 

where inocula>ng messages will not be present, they need to be equipped with skills to evaluate 

informa>on individually. 

Digital Media and Informa>on Literacy is a framework for equipping students and ci>zens with 

the skills to  use and engage with all forms of media cri>cally and responsibly and has been used to help 

students evaluate misinforma>on. The Stanford Educa>on Research Group has conducted a considerable 

amount of research on Digital Media and Informa>on Literacy.26,32,43 In par>cular, the group u>lized 

professional fact-checker strategies and empirically tested this approach with students by crea>ng online 

modules. Lateral reading is one fact-checker strategy they inves>gated, which involves leaving an 

unknown website to consult other sources to evaluate the original source.26 They found college students 

significantly engaged in lateral reading in the post-test compared to the pre-test which suggests students 

can learn to evaluate the credibility of online sources through asynchronous instruc>on embedded in 

regular course content.26 Fact-checkers also keep three ques>ons in mind when they evaluate sources via 

lateral reading: (1) Who’s behind the informa>on, (2) What’s the evidence? and (3) What do other 

sources say?32 These ques>ons gave inspira>on for the development of a Civic Online Reasoning 

curriculum – the ability to effec>vely search for, evaluate, and verify social and poli>cal informa>on 

online.32,43 A range of short tasks were completed by 405 middle school, 348 high school and 141 college 

students across 12 states to assess students’ civic online reasoning.43 Findings show that across tasks and 

grade levels, students struggled to evaluate online claims, sources, and evidence, highligh>ng the need 

for materials that support students’ development of civic online reasoning skills.43 While these studies 

address some scien>fic issues, they are not specifically situated in a STEM context. Therefore turning to 

science educa>on literature, a study established a baseline assessment of students’ abili>es to assess 

scien>fic informa>on in social media.44 Thirty-three high school students engaged in group discussions to 

iden>fy (1) their experiences with social media in the science classroom, (2) their strategies for dealing 

with science-based informa>on from three Instagram posts, and (3) their percep>on of the role of social 

media for informa>onal purposes.44 Qualita>ve analysis revealed students frequently use social media 

for informa>on purposes and perceive social media as relevant to science educa>on.44 Addi>onally, 

students were successful at applying general media literacy and informa>on technology literacy 

strategies but struggled with science-related strategies.44 These findings show that students were unable 
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to make adequate use of their content knowledge they had learned during class when making 

conclusions about media messages. Therefore, educators need to give students opportuni>es to apply 

their knowledge to current, controversial, and complex media issues in science and dis>nguish between 

credible and not credible informa>on.45 

In recent years, science educa>on researchers have created interven>ons for promo>ng 

knowledge of science on modern media types.44 For example, a study in the context of educa>on for 

sustainable development examined how messages from the media manipulated high school students.46 

Different types of manipula>on techniques were explicitly presented to the students allowing them to 

iden>fy the techniques from media messages and assess their impact.46 A post-test revealed that most 

students were able to iden>fy and decode techniques.46 Addi>onally, the use of adver>sement methods 

in teaching did not facilitate the assimila>on of knowledge related to environmental science but did 

improve the axtudes towards environmental-friendly and sustainable approaches.46 In a quasi-

experimental study, a six-week interven>on was created on sourcing, using science-based texts on 

climate change and nuclear power.47 The findings showed that students who par>cipated in the sourcing 

interven>on placed more value on source informa>on when selec>ng texts, invested more >me and 

effort in processing the texts they selected, and more frequently a3ributed textual ideas to their 

respec>ve sources.47 

While studies have focused on examining educa>onal strategies for suppor>ng the evalua>on of 

sources and plausibility of claims, there has been li3le work on suppor>ng students in cri>quing the 

claims for flawed scien>fic reasoning.34,48 In one recent study, high school students thought aloud with a 

Web media text containing erroneous claims about vaccina>on safety.34 While some students were 

ini>ally cri>cal of the ar>cle, other students who immediately accepted the author’s flawed claims as 

credible changed their perspec>ve when directed to cri>que the ar>cle.34 These findings suggested that 

if students are given the opportunity to cri>que, they may evaluate claims more thoroughly and become 

more cri>cal of misinforma>on.34 In a follow-up study, the authors inves>gated the gap in evalua>on 

strategies to tackle misinforma>on, focusing on suppor>ng students in the prac>ce of cri>que.48 Tseng et 

al (2021) tested the efficacy of a structured reading support interven>on targe>ng the evalua>on and 

cri>que of flawed scien>fic claims in an online sexng.48 U>lizing a pre-and post-test design, high school 

students were given two persuasive scien>fic ar>cles and a cri>cal reading guide for only the treatment 

group.48 Students from the treatment group demonstrated increased epistemic vigilance (i.e., a process 

of being cri>cally aware of cues that indicate the possibility of being misinformed by others) of 

misinforma>on, with a moderate effect size.48 This study proposed that to reason effec>vely with science 
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misinforma>on in the media, it is necessary for students to evaluate claims for the quality of reasoning 

and to ques>on and cri>que poten>al threats to scien>fic validity.48 Reasoning with misinforma>on in 

the media has been studied by researchers in cogni>ve psychology;49,50 however, more research is 

needed to inves>gate pedagogical methods that might impact how students evaluate flawed 

informa>on.48 

Cri>cally thinking and argumenta>on on social scien>fic issues are approaches for reasoning 

with misinforma>on that have been receiving increased a3en>on in science educa>on based on the 

widespread 21st-century misinforma>on.51 In a recent ar>cle on misinforma>on featured in the 

University of O3awa’s Gaze3e, Professor Rioux-Beaulne also communicates the need for people to “take 

a more cri>cal and deeper look at knowledge, with ins>tu>ons playing a forma>ve role in cri>cal 

thinking”.52 Social scien>fic issues are “controversial, socially relevant, real-world problems that are 

informed by science and oien include an ethic component”.53 Thinking cri>cally and prac>cing 

argumenta>on work must go hand-in-hand, as one’s decision about a scien>fic claim (e.g., whether the 

informa>on is true or not) is based on judgements derived from argumenta>on using cri>cal thinking.51 

These approaches have received more a3en>on as scholars have argued that students need to be be3er 

prepared to assess online scien>fic informa>on from a variety of sources.54 While instruc>on on source 

evalua>on is an important component for assessing informa>on,47 it is not sufficient.54 Students need to 

learn how to evaluate the connec>ons between sources of informa>on and knowledge claims which 

requires the development of cri>cal thinking and argumenta>on skills.51,54 

Empirical research has shown that cri>cal thinking and argumenta>on prac>ces help students to 

iden>fy misinforma>on.51 One study engaged a small group of secondary students in online ac>vi>es 

that required them to prac>ce cri>cal thinking and argumenta>on when asked to determine if COVID-19 

headlines were true or false. The students could iden>fy fake coronavirus headlines and cri>cally argued 

why they considered them as true or false; however, very few arguments went beyond just ques>oning 

the validity of the headline to its sources and authorship.51 Most students assessed the content of the 

claim by using their own knowledge or empirical evidence, without asking cri>cal ques>ons about the 

source of the informa>on.51 The authors emphasize the need to design more cri>cal thinking ac>vi>es 

that guide students to analyze various aspects of controversial informa>on to prevent the spread of 

disinforma>on and misinforma>on.51 

 Systems thinking (ST) overlaps with competencies of cri>cal thinking and argumenta>on as 

shown in the Next Genera>on Science Standards.55 However, ST adds another layer as it emphasizes the 

interdependence of components of complex socio-scien>fic issues with other systems (e.g., social, 
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environmental) and helps to visualize the connec>ons between these components.25 Therefore, 

designing ac>vi>es with a ST lens might help promote students’ cri>cal thinking and argumenta>on skills 

when dealing with misinforma>on. ST and mapping strategies have been very briefly explored in socio-

scien>fic issues instruc>on, but not in the context of dis- or misinforma>on on these issues.56,57 

Therefore, research is needed to explore the impact ST might have on helping students cri>cally evaluate 

misinforma>on. 

 Our goals in this study are to experimentally inves>gate the impact of using a ST approach to 

support the evalua>on of scien>fic misinforma>on. Specifically, we aim to inves>gate the impact of a ST 

workshop that teaches students system mapping strategies and provides them with ST prompts to help 

them evaluate informa>on (e.g., a combina>on of accurate and flawed informa>on from the media). The 

informa>on that they evaluate will be used to create arguments about a scien>fic issue that is rooted in 

organic chemistry. We intend to gain evidence for whether a ST approach can be a strategy used in 

chemistry courses to help students learn to reason with scien>fic misinforma>on.  

5.3 Theore<cal Frameworks 

This study is guided by two overarching frameworks: (1) Epistemic vigilance and (2) Scien>fic 

argumenta>on. Epistemic vigilance refers to one’s ability to be cri>cally aware of the validity of 

informa>on to protect against misleading informa>on. Therefore, epistemic vigilance can be a3ained by 

thinking cri>cally, where individuals assess an author’s perceived competence and trustworthiness and 

evaluate the accuracy of claims and suppor>ng arguments.49,58 Sperber et al. (2010) define aspects of 

epistemic vigilance to consist of being cri>cally aware of the validity of claims and the quality and 

trustworthiness of the source.49  

 
Figure 21. Strategies to support learners’ development of epistemic vigilance. 
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This defini>on is supported by empirical work conducted by researchers in educa>onal psychology, who 

have inves>gated the important components of epistemic vigilance and approaches that support 

learners’ development of epistemic vigilance (Figure 21).48 Methods to enhance students’ awareness of 

source quality include reliance on experts59–61 and evalua>ng the source of the claims.43,47,62–66 Strategies 

aimed at suppor>ng students’ scru>ny of claims and validity include reassessing plausibility67,68 and 

engaging in the cri>que of claims.34,48 

Engaging in cri>quing informa>on is also a central prac>ce for evidence-based scien>fic 

reasoning.55,69 Researchers have argued that reasoning with scien>fic informa>on requires both 

construc>ng an understanding of scien>fic informa>on and cri>quing the connec>ons between the claim 

and evidence that are presented.34,70–72 Addi>onally, since the evalua>on of informa>on – encompassing 

argumenta>on, cri>que, and analysis – plays a pivotal role in the scien>fic process that connects inquiry 

to understanding,69 engaging in evalua>on is essen>al for the construc>on of reliable knowledge.34 

Previous research has indicated that the tendency to cri>que informa>on requires conscious ac>va>on 

of cri>cal awareness.34,49 Therefore, in our study, we first prompt students to think cri>cally about the 

validity of claims and sources by engaging students in a module on the introduc>on of scien>fic literacy. 

The second part of our study focuses on construc>ng an understanding of scien>fic informa>on. We 

propose ST skills can be used in the prac>ce of scien>fic argumenta>on by aiding in the construc>on of 

knowledge about a scien>fic topic. Therefore, we teach students ST and provide them with ST prompts 

to evaluate informa>on. This informa>on will be used to create scien>fic arguments on a scien>fic topic 

in the media. 

Scien>fic argumenta>on is the analy>cal framework used in this study. Arguments have the goal 

of using evidence to persuade and jus>fy a claim and using data and reasoning to advance that claim.73–

76 Since a claim is in doubt, construc>ng an argument about the rela>on between known data and an 

explana>on will advance the claim.73,74 Arguments also provide insight on how students reason about 

phenomena.77–80 Addi>onally, chemistry educa>on research has inves>gated students’ reasoning by 

analyzing their scien>fic arguments about chemical phenomena.73,77,81–84 Therefore, we will analyze 

students’ arguments by using the modes of reasoning dimension of a commonly used framework in 

chemistry educa>on.77,81,82,85 There are four modes of reasoning: descrip>ve, rela>onal, linear causal, 

and mul>-component causal.77,81,82,85 Descrip>ve arguments present evidence primarily using surface-

level features without addi>onal context.73 Rela>onal arguments discuss and connect evidence in a 

correla>onal, non-causal manner.73 Causal arguments include explana>ons of cause-effect rela>onships 

(i.e., why). Linear causal only connects single variables to an effect while mul>component causal 
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considers mul>ple factors in the evidence and their combined impact on outcomes. 73 This framework is 

used as it aligns with the intended learning outcomes of the course where we intend to implement this 

study.69 

5.4 Research Ques<ons and Hypotheses 

Herein, we describe our analysis plan to inves>gate students’ scien>fic arguments for a wri>ng 

assignment designed to elicit causal arguments when evalua>ng mul>ple sources on a scien>fic topic. 

We are primarily interested in determining if ST can help students reason in genera>ng scien>fic 

arguments. However, we also want to determine what aspects of ST students use in their arguments and 

what they find beneficial and challenging when using a ST approach to inform teaching approaches if 

evidence shows ST is an effec>ve approach. Therefore, this study is guided by the following research 

ques>ons: 

 

RQ1: What effect does a ST workshop have on organic chemistry students’ modes of reasoning in 

scien>fic arguments when evalua>ng misinforma>on?  

RQ2: When given systems thinking prompts, what aspects of systems thinking do organic chemistry 

students use to generate scien>fic arguments to evaluate misinforma>on? 

RQ3: What are the benefits and challenges of using a ST approach for developing scien>fic arguments? 

 

Inves>ga>ng RQ1 will tell us if ST can and should be used as an approach for crea>ng scien>fic 

arguments to evaluate misinforma>on in chemistry educa>on. If students can evaluate misinforma>on 

using a ST approach, there may be implica>ons for the adaptability of this approach to mul>ple 

chemistry courses. We hypothesize that students who engage in a ST workshop will be able to analyze 

mul>ple factors of the informa>on and see the causal connec>ons between factors more explicitly than 

those who do not engage in the ST workshop. Being able to visualize many connec>ons might also help 

them to weigh the different pieces of evidence (e.g., scien>fically accurate versus flawed informa>on). 

Therefore, before engaging in the workshop we predict students will use more descrip>ve and rela>onal 

modes of reasoning, as our previous study has shown students tend to use these types of reasoning 

more frequently when not explicitly prompted to do so.86 Aier a ST workshop where students are taught 

ST and provided with ST prompts, students might present more causal modes of reasoning in their 

arguments. Addi>onally, previous research in science communica>on indicates that it is difficult to 

change people’s view of scien>fic informa>on once their perspec>ves have been shaped.39,48,87 
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Therefore, we predict that students who report more neutral beliefs about science will experience a 

larger improvement in their reasoning aier comple>ng the workshop.  

Inves>ga>ng RQ2 will contribute to research on students’ ST skills in chemistry educa>on. 

Implica>ons from our previous study in Chapter 3 will guide the development of prompts used to elicit 

ST skills. In this study, we will iden>fy students’ ability to demonstrate ST skills when provided with 

prompts and instruc>ons on how to demonstrate certain ST skills. Addi>onally, inves>ga>ng RQ2 will tell 

us what ST skills students use when evalua>ng informa>on, which will help us understand how ST might 

be used as a teaching strategy to scaffold the evalua>on of online scien>fic informa>on.  

 Inves>ga>ng RQ3 is needed as more research is required to understand students’ perspec>ves 

and axtudes toward a ST approach. Research has already indicated secondary school students like to 

see social media context implemented appropriately in science lessons. However, when evalua>ng 

misinforma>on, the literature does not communicate what students find beneficial and/or challenging. 

Inves>ga>ng students’ perspec>ves and axtudes toward a ST approach when evalua>ng misinforma>on 

may help us understand what aspects of ST are beneficial and not beneficial for construc>ng a scien>fic 

argument to a misinforma>on prompt. This data can inform researchers and educators on how a ST 

approach might or might not be used for evalua>ng misinforma>on. 

5.5 Methods 

5.5.1 Context and ParEcipants 

Very few resources have been published on integra>ng ST into an organic chemistry course. 

Therefore, when choosing a scien>fic topic to use for this study, we needed to consider the relevance of 

organic chemistry behind the topic and the prevalence of misinforma>on about the topic in the media. 

We chose aspartame as the chemical of interest used in this study as this chemical has been commonly 

misinformed in the media, has connec>ons to organic chemistry II content (e.g., Fischer Esterifica>on, 

Condensa>on), and is a common ingredient in many food products which applies to all students. 

Aspartame is a low-calorie ar>ficial sweetener, sold under brand names such as NutraSweet and Equal, 

that has been in used worldwide since the early 1980s.88 Aspartame is used in many foods and 

beverages because it is much sweeter than sugar, so much less of it can be used to give the same level of 

sweetness.89 However, there has been controversy about the safety of consuming aspartame including a 

mul>tude of claims with varying levels of scien>fic certainty linking aspartame to adverse health 

outcomes (e.g., cancer, kidney disease, seizures, headaches, Alzheimer’s disease).88,90,91 Aspartame has 

not been conclusively linked to any serious side effects or health problems, but certain people with 
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Phenylketonuria should avoid aspartame.92 The US Food and Drug Administra>on, European Food and 

Safety Authority, and Health Canada have all reviewed aspartame and found it to be safe for human 

consump>on and allow its use in various foods.89,92–95 However, recently the Interna>onal Agency for 

Research on Cancer, the World Health Organiza>on and the Food and Agriculture Organiza>on classified 

aspartame as possibly carcinogenic to humans indica>ng “limited evidence” for this claim.96 Health 

Canada has indicated they will review the summary assessments and full reports by the World Health 

Organiza>on’s Interna>onal Agency for Research on Cancer once they are released.94 

We aim to recruit undergraduate chemistry students taking Organic Chemistry II at the 

University of O3awa. Organic Chemistry II is offered in the summer and fall semesters aier students take 

Organic Chemistry I in the winter semester of their first year. The primary inves>gator of this research 

teaches one sec>on of the Organic Chemistry II course in the fall semester; therefore, we have access to 

organic chemistry II students (approximately 400 students enrolled) for this study. Given that this 

research will be embedded as part of a course, and will align with course learning outcomes, 

par>cipants’ compensa>on for comple>ng the ac>vi>es in the study will be a small percentage of their 

course grade (e.g., 1 or 2% or bonus). The University of O3awa teaches organic chemistry using the 

Pa3erns of Mechanisms curriculum where the electron-pushing formulism is taught before concepts of 

reac>vity.94 The forma>on of aspartame involves the Fischer Esterifica>on reac>on and condensa>on 

reac>on; therefore, based on the organic chemistry curriculum, these reac>ons are taught in the Organic 

Chemistry II course (Figure 22). 

 
Figure 22. General synthesis of aspartame. 

L-phenylalanine reacts with methanol in the presence of an acid catalyst to create L-

phenylalanine methyl ester. This ester further reacts with L-aspar>c acid in a condensa>on reac>on to 

form aspartame. When ingested in the body, aspartame breaks down into 50% L-phenylalanine, 10% 

methanol, and 40% L-aspar>c acid. Methanol can be oxidized in the liver to form formaldehyde and 

further oxidized to form formate. The synthesis and metabolism of aspartame are important reac>ons 



 160 

for comprehending how misinforma>on of aspartame is formed. Students will be able to use their 

knowledge learned from the course to propose the synthesis of aspartame. 

5.5.2 Instrument and procedure for data collecEon 

We created an experimental design to inves>gate the effects of a ST workshop on students’ 

reasoning in scien>fic arguments, iden>fy the ST skills used by Organic Chemistry II students to generate 

scien>fic arguments, and collect student perspec>ves and axtudes when using a ST approach to 

evaluate misinforma>on.98 The experimental study consists of several parts: (1) recrui>ng par>cipants, 

(2) collec>on of par>cipants’ prior knowledge and beliefs on science and safety of aspartame, (3) an 

introduc>on to science literacy module, (4) pre-test, (5) a workshop on evalua>ng informa>on from web 

sources, (6) post-test, and (7) par>cipant group feedback (Figure 23). Parts 1 to 4 of the study will be 

conducted online and asynchronously, and Parts 5 to 7 will be conducted in person and synchronously 

given the >me constraints in a course. We will apply to the University of O3awa’s Research Ethics Board 

to approve all parts of this study prior to implementa>on. 

 
Figure 23. Design of a quasi-experimental study. 

All Organic Chemistry II students enrolled in the course will automa>cally be enrolled in the 

study unless they choose to opt-out (Part 1) by comple>ng a Google form. The course professor will 

place informa>on about the study in the course syllabus and in the class online announcements.  

Students will complete Parts 1 to 4 asynchronously on an online assignment provided on the 

course website. Part 2 will involve a ques>onnaire to collect students’ prior knowledge and beliefs about 

science and the topic of aspartame as well as a demographic survey (approximately 5 minutes). This 
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ques>onnaire is included in this study as par>cipants’ pre-exis>ng knowledge and axtudes towards 

science and the misinforma>on topic as well as their sociodemographic background may influence how 

they interact with the ac>vi>es in their assigned condi>on (i.e., treatment or control).48 Addi>onally, 

mo>va>on has been shown to influence how readers evaluate persuasive text.99 The ques>onnaire and 

demographic survey will be developed and then reviewed by experts in the field to collect evidence for 

content validity. Part 3 will provide par>cipants with a short online module to introduce science literacy 

as previous research has iden>fied evalua>ng informa>on needs to involve evalua>on of the sources and 

evalua>on of the claims.48,49,100–102 For example, asking relevant ques>ons about the author’s inten>ons, 

iden>fying biases, and evalua>ng the quality and volume of sources used as evidence. This module is 

intended to cue par>cipants’ epistemic vigilance (see theore>cal framework sec>on) before the 

experimental phase of the study to control for this factor. One resource that can be used in the 

development of the module is Chapter 2, Science and the Sky, in Environmental Science for Changing 

World.100 This chapter discusses the kinds of ques>ons that are under the purview of science, how 

scien>fic hypotheses are generated and tested, the differences in the types of scien>fic studies, and 

provides an overview of the process of science.103 

The pre-and post-test will be made iden>cal to measure the effect of a workshop on 

par>cipants’ scien>fic arguments on aspartame (each approximately 30 minutes to complete). The tests 

will consist of a wri>ng assignment where par>cipants will first be provided with a brief background on 

the use of aspartame and a variety of sources (e.g., websites and scien>fic ar>cles). Some of these 

sources will contain flawed scien>fic claims about aspartame. Then, par>cipants will be assigned the task 

of wri>ng an argument about the future use of aspartame while consul>ng these sources and poten>ally 

exploring other sources. Specifically, they will be asked to construct an argument on the online 

assignment for the following ques>on: Do you think aspartame should con>nue to be used for human 

consump>on or be banned by government agencies? Explain why. 

A workshop on evalua>ng informa>on will be provided in two sec>ons of weekly tutorials 

offered as part of the Organic Chemistry II course at the University of O3awa (approximately 20 

minutes). Using two sec>ons of the weekly tutorials provides a good opportunity for crea>ng control and 

treatment groups for the study and does not impede directly on course theory >me. Students will be 

randomly assigned to a treatment and control group. The workshops will occur in-person and 

synchronously during the scheduled tutorials along with the remaining parts of the study. The control 

group (n = 200) will be taught scien>fic argumenta>on to help par>cipants evaluate informa>on on 

aspartame and will proceed with comple>ng the post-test individually. The treatment group (n = 200) 
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will be taught scien>fic argumenta>on and system mapping and will be guided through systems thinking 

prompts when evalua>ng informa>on on aspartame. For example, par>cipants might be asked to (1) 

iden>fy mul>ple contexts where aspartame might impact or is impacted by (e.g., human health, food 

availability and prices, environmental health) (2) what are the benefits and consequences of aspartame 

in these contexts, (3) what is the chemical reac>on for the produc>on and decomposi>on/metabolism of 

aspartame and how do these chemical components relate to the contexts, and (4) what are the effects 

when the chemical components increase or decrease over >me?. Par>cipants will be asked to consider 

using these prompts when construc>ng their scien>fic argument in the post-test, completed individually. 

When working through the ST prompts, par>cipants will construct system maps using the online tool, 

SOCKit, to help them visualize concepts and connec>ons.104 Par>cipants’ scien>fic arguments in the post-

test will be recorded on another online assignment provided on the course website. Aier the post-test, 

par>cipants will be asked to discuss the ac>vity in small groups (e.g., 3 or 4 par>cipants) by answering 

some guided ques>ons. One member of the group will be tasked with wri>ng down discussion points for 

each ques>on on the online ac>vity. 

5.5.3 Planned data analyses 

 The data collected from this study will be analyzed qualita>vely and quan>ta>vely according to 

the research ques>ons. RQ1 will be inves>gated by first analyzing students’ scien>fic arguments by their 

modes of reasoning.77,81 Aier iden>fying the concepts students discussed and the nature of connec>ons 

between those concepts, students’ scien>fic arguments will be defined by the modes of reasoning: 

descrip>ve, rela>onal, linear causal, and mul>component causal.77 Addi>onally, we will analyze the 

extent par>cipants’ scien>fic arguments include accurate versus flawed scien>fic informa>on in their 

argument. We will establish inter-rater reliability by a second researcher analyzing a subset of students’ 

responses. Then, sta>s>cal analyses will be done using SPSS, to inves>gate the differences between the 

pre-test and post-test scores for the treatment and control groups. Specifically, the respec>ve 

percentages of (1) causal (e.g., linear and mul>component) and non-causal (descrip>ve and rela>onal) 

arguments and (2) accurate versus inaccurate arguments will be compared to determine the extent to 

which students’ arguments differed between and within the treatment and control groups. Addi>onal 

sta>s>cal tests between treatment and control groups will be conducted to determine the effect of other 

mediated variables on scien>fic arguments such as par>cipants’ beliefs about science and aspartame 

and other demographics (e.g., gender, race). RQ2 will be inves>gated by analyzing par>cipants’ scien>fic 

arguments using qualita>ve coding approaches, followed by analyzing for themes.98 Specifically, we will 
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use our ST rubric from our previous study to iden>fy what ST skills students demonstrate when 

construc>ng their scien>fic arguments.86 Lastly, RQ3 will be inves>gated by analyzing par>cipants’ open-

ended responses through qualita>ve coding approaches that will capture themes within the data.98 We 

will conduct a set of interviews with a subset of par>cipants to increase the validity of the results (n = 

20).105–107 

5.6 Next Steps 

The next steps for this project will be to (1) develop instruments and materials that will be used 

in the study, (2) submit an ethics applica>on to the Office of Research Ethics and Integrity at the 

University of O3awa, and (3) complete a pilot study with students who have taken Organic Chemistry II 

(n = 5). A pilot study will help iden>fy whether the instruments in the study produce data that align with 

the intended goals and provides the opportunity to make changes if misalignment is shown. The 

instruments that will need to be developed are (1) a ques>onnaire for collec>ng students’ prior 

knowledge and beliefs on science and aspartame, (2) demographic survey, (3) pre-/post-test, and (4) 

group feedback ques>onnaire. We can use exis>ng prior knowledge and belief ques>onnaires from the 

literature as a guide to create ques>ons specific to our study.48,51 We have previously created 

demographic surveys in our previous ST studies that we can draw ques>ons from for this study. 86,108 

Lastly, the background informa>on for aspartame for the pre-/post-test wri>ng assignment needs to be 

strategically created to include enough informa>on to introduce aspartame without persuading students 

to one side of the argument. A list of approximately six sources also needs to be selected and included in 

the instruc>ons for the wri>ng assignment. Half of the resources will contain misinforma>on, and the 

other half will include accurate scien>fic informa>on about aspartame. Lastly, a group feedback 

ques>onnaire containing open-ended ques>ons (approximately 5) will need to be created to iden>fy 

aspects of the wri>ng assignment ac>vity students found beneficial and challenging. 

Other materials that need to be developed are the (1) science literacy online lesson and (2) 

workshop plan and resources for the treatment and control groups. We can draw upon exis>ng 

resources in the literature to help build these materials.103,109,110 

Once all the instruments and materials are developed, an ethics applica>on can be created and 

submi3ed. In the process of wai>ng for ethics approval, the study can be piloted informally with organic 

chemistry II students (n = 5) to iden>fy issues such as the >ming required to complete certain tasks and 

>me to complete the en>re study and whether the ques>ons and prompts that are asked to elicit the 

data we intend to collect (e.g., response-process validity).  
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Addi>onally, comple>on of these next steps will need an appropriate >meline that accounts for 

when the Organic Chemistry II course is offered. 

5.7 Conclusion 

Our world is faced with many global crises and among the most pressing challenges, misinforma>on 

and disinforma>on has emerged as the top risk over the next two years.1 Educa>on plays a cri>cal role in 

helping equip ci>zens and scien>sts with the knowledge and skills required to iden>fy and evaluate false 

informa>on. There have been calls for science educa>on to address this need.2–4  

In a drai commentary in sec>on 5.2.1, we propose using a ST approach to help evaluate 

informa>on, as ST involves a holis>c perspec>ve. No research has explored the impact of a ST approach 

for evalua>ng false science informa>on. Therefore, we make a call to ac>on for inves>ga>ng ST’s role in 

evalua>ng misinforma>on. 

 Contribu>ng to this need of educa>onal research, we designed an experimental study that 

inves>gates the effects of a ST workshop on students’ reasoning in scien>fic arguments, iden>fies the ST 

skills used by Organic Chemistry II students to generate scien>fic arguments, and collects student 

perspec>ves and axtudes when using a ST approach to evaluate misinforma>on.98  

During the dura>on of my degree, I did not have >me to conduct the experimental study; therefore, I 

leave the reader with planned data analyses and next steps required to complete this project. 
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Chapter 6: An educa'onal framework for teaching chemistry using a systems 

thinking approach 

6.1 Introduc<on to the research presented in this chapter 

My experiences and perspec>ves of the work completed in this chapter resonate strongly with 

words by Helen Keller, “Alone, we can do so li3le; together, we can do so much”. While previous chapters 

have described research projects I led as a chemistry educa>on researcher in the Flynn Research Group, 

this chapter describes a project I contributed independently from my research with the Flynn Research 

Group. The opportunity to collaborate with other chemistry educa>on researchers and scholars was a 

huge turning point for me in my academic career, where I felt my work and ST knowledge was valued 

and I was able to widen the scope of my educa>onal efforts more globally. 

In the summer of 2023, I was invited to be a member of the IUPAC Systems Thinking in Chemistry for 

Sustainability: 2030 and Beyond project. I received this invita>on due to my exper>se on ST developed 

over the years and my ST contribu>ons to the literature.1 The commi3ee for this project consists of many 

leading interna>onal experts on ST from academia and the industry; I am currently the only graduate 

student who serves on this commi3ee. This project builds on the momentum and success of the 

previous IUPAC ST in chemistry educa>on project and is focused on (1) sustainability, (2) formal 

chemistry educa>on, and (3) chemical industry.1  

Part of my role has involved working on a subgroup to develop a Sustainability and Systems Thinking 

in Chemistry Educa>on website that provides open access to informa>on, tools, and educa>onal 

resources on ST and sustainability to the chemistry and chemistry educa>on communi>es.2 Here, I have 

been able to share my exper>se in ST and our chemistry educa>on research, to curate sec>ons of the 

website on ST opportuni>es and challenges as well as teaching resources and assessment.  

One of the outcomes of this website was the development of an educa>onal framework to guide the 

planning, implementa>on, and assessment of ST approaches in chemistry courses.3 This project emerged 

from the need for curriculum reform efforts to embed ST into exis>ng chemistry curricula. Chemistry 

educators have indicated they need a step-by-step guide on how to implement ST into their courses.4 I 

worked collabora>vely with a world-renowned expert in chemistry educa>on, Vicente Talanquer, to 

develop this educa>onal framework, and collaborated with other interna>onal working group members 

to create example resources to complement the framework.  

This project allowed me to mobilize the findings of my research into the design of this educa>onal ST 

framework and develop skills in curriculum development. This framework emphasizes that ST learning 
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ac>vi>es should: “(1) foster and enable students ac>ve and interac>ve par>cipa>on by integra>ng 

collabora>ve ac>vi>es to achieve ambi>ous learning goals, and (2) help students connect what they 

already know to the new ideas introduced in class and create opportuni>es for students to share their 

knowledge, perspec>ves, and experiences, embracing diversity and fostering inclusion”.3 These 

recommenda>ons align with the implica>ons of our research in Chapter 4. 

 In this chapter, the reader will learn about one poten>al way of planning, implemen>ng, and 

assessing ST in chemistry courses by following specific tasks that are guided by four overarching learning 

outcomes. Crea>ng educa>onal materials is difficult without sufficient specific examples or access to 

educa>onal resources (e.g., textbooks) that align with this framework. To support educators, we created 

a series of examples of using the framework that can serve as guides or references while crea>ng new 

learning and teaching materials, helping to minimize educa>onal barriers and develop instruc>onal 

change for ST in chemistry educa>on.5  

6.2 Reference for introduc<on 
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(3) Talanquer, V.; Szozda, A. R. An Educa>onal Framework for Teaching Chemistry Using a Systems 

Thinking Approach. J. Chem. Educ. 2024, 101 (5), 1785–1792. 

h3ps://doi.org/10.1021/acs.jchemed.4c00216. 

(4) Szozda, A. R.; Bruyere, K.; Lee, H.; Mahaffy, P. G.; Flynn, A. B. Inves>ga>ng Educators’ Perspec>ves 

toward Systems Thinking in Chemistry Educa>on from Interna>onal Contexts. J. Chem. Educ. 

2022, acs.jchemed.2c00138. h3ps://doi.org/10.1021/acs.jchemed.2c00138. 

(5) IUPAC Systems Thinking in Chemistry for Sustainability: 2030 and Beyond (STCS 2030+) project. 

Systems Thinking in Chemistry Educa4on. h3ps://sites.google.com/view/sas>ce/home (accessed 

2024-07-08). 
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ABSTRACT: Chemical ways of knowing, thinking, and acting are
critical for finding solutions to complex global challenges and
achieving the United Nations’ Sustainable Development Goals.
Reorienting chemistry education using a systems thinking (ST)
perspective can help us better equip students with the knowledge,
skills, and dispositions that they need to contribute to these e!orts.
To support this needed educational reform, we describe in this
article an educational framework that can guide and facilitate the
work of chemistry educators when planning, implementing, and
assessing chemistry units, modules, or lessons using an ST
approach. This framework is an outcome of the IUPAC Systems
Thinking in Chemistry for Sustainability: 2030 and Beyond (STCS
2030+) project, which seeks to provide resources and tools on ST and sustainability to the chemistry and chemistry education
communities.
KEYWORDS: First-Year Undergraduate/General, High School/Introductory Chemistry, Second-Year Undergraduate/General,
Upper-Division Undergraduate, Graduate Education/Research

■ INTRODUCTION
Modern societies and our planet face several socio-environ-
mental challenges, which include guaranteeing access to clean
drinking water, ending hunger, reducing greenhouse gas
emissions, fighting new and re-emerging diseases, and achieving
sustainable development.1 Addressing these issues will require
the collaborative actions of citizens and professionals who (1)
can understand these problems, (2) are prepared to respond and
manage complexity, uncertainty, and rapid change, and (3) can
help achieve the United Nations’ Sustainable Development
Goals.2 Chemical knowledge, reasoning, and practices will be
crucial to confront these problems,3 but to better equip current
students with the knowledge, skills, and dispositions, they need
to contribute to these e!orts; chemistry educators must take
immediate and definitive actions to transform curricula,
instructional methods, and assessment practices to align them
with these ambitious goals.4−6

The complex task of analyzing, understanding, and tackling
global issues demands that all students, particularly those
interested in science, technology, engineering, and math
(STEM) careers, achieve four fundamental learning outcomes
(Figure 1): (1) meaningfully understand central ideas in
chemistry,7−11 (2) know how to apply science and engineering
practices to investigate phenomena and design solutions,12 (3)
develop systems thinking (ST) skills to analyze the systems of

interest,13−15 and (4) act with socio-environmental responsi-
bility.6,16,17
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Figure 1. Fundamental learning outcomes in a systems thinking
approach to chemistry education (all images belong to the public
domain).
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The first two learning outcomes align with the educational
goals of the Next Generations Science Standards (NGSS)18
which also expect students to learn to reason using a set of
crosscutting concepts that support a systemic perspective (e.g.,
“systems and system models,” “patterns,” “stability and
change”). Nevertheless, in the approach we advocate, cross-
cutting concepts are integrated and serve as foundational in the
development of ST skills that support the application of central
ideas and core practices in chemistry to analyze, understand, and
evaluate solutions to socio-environmental issues with a
sustainability lens. The educational framework for teaching
chemistry using the ST approach described in this contribution
seeks to guide and facilitate the planning, implementation, and
assessment of chemistry units, modules, or lessons that achieve
this integration inmeaningful and e!ective ways. Our framework
o!ers a blueprint for creating opportunities to learn chemistry as
a powerful way of knowing, thinking, and acting to build a safe,
healthy, and sustainable world. This framework is an outcome of
the IUPAC Systems Thinking in Chemistry for Sustainability:
2030 and Beyond (STCS 2030+) project which seeks to provide
resources and tools on ST and sustainability to the chemistry
and chemistry education communities. Additional resources can
be found on the SaSTICE (Sustainability and Systems Thinking
in Chemistry Education) Website for this project.19

■ SYSTEMS THINKING IN CHEMISTRY EDUCATION
In recent years, there has been an increasing number of calls to
reorient chemistry education using ST,4−6,20−23 conceptualized
as a way of reasoning about complex phenomena caused by the
dynamic interactions of interdependent components (a system)
operating at multiple scales, from the submicroscopic to the
macroscopic scales.13−15,21 Finding solutions to global sustain-
ability challenges requires citizens and professionals who have a
fundamental understanding of how these issues emerge from the
dynamic interaction between chemical, physical, biological, and
environmental subsystems (Earth subsystems) and social,
political, and economic subsystems (Human subsystems).
From this perspective, continuing to teach chemistry as a static
body of theoretical knowledge disconnected from the issues that
a!ect students’ lives and their personal, professional, and civic
interests is likely to deem the study of our discipline irrelevant or
subsidiary.
Reorienting chemistry education using an ST approach may

have diverse benefits:5

• Providing a more unified and integrated view of chemical
knowledge by building connections between central ideas
in the discipline.

• Integrating central ideas, disciplinary practices, systems
thinking, and socio-environmental competencies into the
preparation of future citizens and professionals.

• Fostering meaningful learning by actively engaging
students in the learning process through the analysis,
discussion, and reflection of relevant personal and societal
issues.

• Creating more inclusive learning environments where
students can share prior knowledge and experiences
relevant to the issues under consideration.24

• Building and strengthening interdisciplinary connections
enabling students to reason across disciplinary boundar-
ies.

• Creating more positive attitudes toward chemistry by
projecting this discipline as a “science for society” that

enables the development of solutions to global problems
and advances sustainable development.

Ultimately, we see reorienting chemistry education through
ST with a focus on sustainable development as a moral
imperative in a world facing major global challenges with
chemical origins and potential chemical solutions.

■ EDUCATIONAL FRAMEWORK
To guide and facilitate the application of an ST lens in the
planning, implementation, and assessment of chemistry units,
modules, or lessons, we propose using the educational
framework summarized in Figure 2 and described in the

following subsections. The di!erent tasks outlined in the
framework are interconnected and may need to be revisited in
iterative ways when building, implementing, and evaluating
units of instruction. A specific example of a unit of instruction
designed using this framework is summarized in Table 1. We
suggest referring to this table while analyzing the di!erent tasks
highlighted in Figure 2 and described in the following sections.
Additional examples of the implementation of the framework
and their associated educational resources can be found in the
“Systems Thinking in Chemistry Education” sub-Web site25
from the IUPAC SaSTICE project.19

Planning Stage
When planning to teach chemistry using an ST approach, we
suggest completing four major tasks, including (1) selecting a
relevant context to anchor instruction (Contextualize), (2)
identifying subsystems in interaction and define the scope of the
lesson or unit of instruction (Focus), (3) delineating multi-
dimensional learning outcomes (Define), and (4) building a
meaningful and engaging instructional sequence (Design).

Contextualize. Most chemistry educators recognize the
importance of connecting the concepts and ideas introduced in
class to problems or phenomena that may interest their students.
However, they often make these connections sporadically. They
may begin a lesson by pointing to a relevant issue to catch their
students’ attention and motivate them. They may discuss an
interesting example at the end of a lesson to illustrate the
application of what students learned.26,27
When adopting an ST approach to chemistry teaching, one

must integrate the context in more meaningful ways.28,29 The
problem or phenomenon to analyze should guide and structure
the presentation of the central chemical concepts and ideas that
we want students to learn. It should create opportunities for
students to comprehend an issue facing our planet, their
communities, or their personal lives; it should help them

Figure 2. Educational framework for teaching chemistry using a
systems thinking approach.
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understand how chemical knowledge and chemical ways of
knowing, thinking, and acting can help us make sense of the
problem and devise and evaluate potential solutions.30
Focus. Socio-environmental problems in our world result

from the interaction of diverse and complex factors. This
complexity creates challenges when a unit of instruction focused
on these issues is planned. What factors are most important to
explore? What interactions should be analyzed? What
subsystems in the interaction should we consider? When using
an ST approach, one must decide what aspects of a problem to
consider and focus on. For example, what chemical, physical, or
biological components in the interaction will be studied? What
environmental, economic, social, or political influences and
e!ects will be identified and discussed? The designed educa-
tional experience should help students to meaningfully
comprehend the issue. Attempting to explore a problem
considering all of the factors will likely result in superficial
content coverage and overwhelm students.
To define the focus of a chemistry lesson, one could ask:What

central chemical ideas do we expect our students to learn? What
competencies do we want them to develop? What aspects of the
problem under analysis are students most interested in learning
about and which will be most relevant to them? Connecting with
students’ prior knowledge, experiences, and interests has shown
to improve motivation toward learning chemistry content.32
The scope of chemistry lessons built using an ST approach
should go beyond the chemistry content.6 However, the scope
should be carefully defined to ensure that students can
comprehend the selected aspects of the target problem in
meaningful ways.

Define. When planning chemistry lessons using an ST
approach, one must define learning outcomes that integrate four
major components:

• The central ideas in chemistry we expect the students to
learn.

• The core science and engineering practices in which
students will engage.

• The systems thinking skills that students will practice.
• The socio-environmental competencies that students will

develop.
The identification of central ideas in chemistry is facilitated by

analyzing existing resources published by diverse authors.7−11

Central ideas in a discipline provide the basis for the
organization and development of an important set of concepts.
They help build explanations, make predictions about many
phenomena and systems, and guide decision-making and the
design of actions to solve relevant problems. For example, a
central idea in chemistry states that the macroscopic properties
of substances emerge from the dynamic interaction of myriads of
particles at the submicroscopic level, and these interactions
depend on the composition and structure of such particles. This
idea can serve as an organizer for the introduction of a variety of
chemistry concepts and guide student reasoning in explaining or
making sense of the properties of a variety of systems.
Core science and engineering practices describe behaviors in

which scientists and engineers engage to investigate problems
and design solutions.12 They include developing and using
models, planning and carrying out investigations, analyzing and
interpreting data, engaging in argument from evidence and
building explanations, and evaluating and communicating
information.

Table 1. Example of the Application of the ST Educational Framework in the Planning, Implementation, and Assessment of a
Chemistry Unit Using Greenhouse Gases as a Context

Stage Task Example

Plan Contextualize The analysis of the composition and structure of greenhouse gases (GHGs), their interactions with electromagnetic radiation in the atmosphere,
and the e!ects of those interactions on average temperatures on our planet presents an ideal context to introduce and apply central chemical
concepts such as electronegativity, partial charge, bond polarity, molecular polarity, and light-matter interactions using an ST perspective. This
context can be used to explore the central idea that the composition and structure of chemical substances at the submicroscopic level determine
their physical and chemical properties.

Focus This lesson will focus on the analysis of the chemical composition and structure of GHGs and the consequences of their interactions with the
infrared solar radiation reflected by Earth on our planet’s temperature.

Define As an integrated learning outcome for this unit, students should be able to analyze a set of commonly used substances (e.g., refrigerants) and
determine whether they may act as GHGs if they escape into the atmosphere, predict and justify their light−matter interactions based on
molecular models, analyze their potential global warming e!ects based on data, and propose and evaluate the e!ectiveness of strategies to
reduce these emissions considering environmental, social, and economic factors.

Design The unit of instruction is designed using a sequence of activities that students are expected to complete in small collaborative groups and then
share their ideas in whole class discussions. In these activities, students are asked to analyze data (e.g., types of radiation emitted by the Sun and
our planet), make models (e.g., build models of molecular polarity), and generate explanations (e.g., explain why not all atmospheric
components absorb IR radiation). Activities also allow students to develop systems thinking skills (e.g., analyze the composition, structure,
behavior, and e!ects of relevant interacting systems) and build socio-environmental competencies (e.g., analyze specific actions to reduce
GHG emissions).

Implement Map Out During this stage of the unit, students are asked to use their prior knowledge and experiences to build an initial system map identifying major
atmospheric components and their interactions with diverse subsystems (e.g., radiation from the Sun and Earth, living organisms, and human
communities). Students use online tools, like SOCKit,31 to build their maps.

Zoom In In this part of the unit, students identify important atmospheric components (O2, N2, CO2, H2O) and explore properties that a!ect their
interaction with electromagnetic radiation. Students are introduced to the concepts of bond polarity and molecular polarity and use an
interactive tool to infer the polarity of di!erent chemical entities in the atmosphere. Later in the lesson, the students explore how bond and
molecular polarity determine whether molecules absorb infrared radiation and, thus, may contribute to global warming.

Zoom Out Once students understand the targeted phenomenon at the submicroscopic level, they are asked to analyze the emission spectra for the Sun and
Earth in combination with the absorption spectra of H2O and CO2 to infer consequences for our planet.

Connect In this last stage of the unit, students engage in activities that allow them to apply their knowledge in making decisions and suggesting individual
or collective actions directed at addressing the environmental problem under consideration.

Assess Evaluate The di!erent activities interspersed through the unit create opportunities to formatively assess student learning and provide specific feedback to
advance their understanding tomeet the lesson’s learning objectives. As a summative assessment, students are asked to analyze the composition
and structure of less commonly known GHGs in our atmosphere, predict their properties, and analyze their potential global warming e!ects.

Reflect The formative assessment data gathered during the lesson is used to critically reflect on aspects of the unit that need to be modified to support
student learning of the central chemical ideas, core practices, systems thinking skills, and socio-environmental competencies that are targeted.
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Systems thinking skills allow students to identify and analyze
the composition, structure, behavior, and e!ects of systems of
interest as summarized in Figure 3.13−15 Providing opportunities

for students to practice and build ST skills in diverse contexts
can help them use and transfer their knowledge and skills
e!ectively to other situations where they are needed.2
Finally, socio-environmental competencies enable students to

recognize how human activities and products are embedded
within ecological and social systems and to evaluate their
impacts.16,17 They equip students to analyze problems and

evaluate solutions with empathy, ethical consideration, and
cultural awareness, paying attention to issues of social and
environmental justice.
Overall, the learning outcomes that we define in a chemistry

unit, lesson, or module using an ST approach should aspire one
to integrate central ideas, core practices, systems thinking skills,
and socio-environmental competencies in seamless ways to
guide the design of classroom activities and assessment tasks that
e!ectively foster and sca!old student learning in all dimensions.

Design. Chemistry lessons designed using an ST approach
should meaningfully engage students in the learning process.
This can be accomplished using evidence-based instructional
models and strategies known to foster student understanding.
For example, units of instruction may be designed to include
several learning cycles where students explore a phenomenon,
are introduced to relevant chemical ideas, and apply these ideas
in diverse ways.33 These designed learning activities should (1)
foster and enable students active and interactive participation by
integrating collaborative activities to achieve ambitious learning
goals,34,35 (2) help them connect what they already know to the
new ideas introduced in class and create opportunities for all
students to share their knowledge, perspectives, and experiences,
embracing diversity and fostering inclusion,24,36 (3) ask students
to analyze and interpret data, seeking to identify patterns in the
properties and behavior of the systems of interest, and (4) equip

Figure 3.Major attributes of a system and associated systems thinking
skills.

Figure 4. A SOCME (System-Oriented Concept Map Extension) created with SOCKit is a way to visualize the components and interactions of a
system using a concept map.
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them to build and use chemical models to make predictions,
support arguments, and generate explanations of relevant
phenomena.12
Through collaborative engagement, learning activities should

help students comprehend the nature, scale, and importance of
the socio-environmental issue under analysis while learning the
chemical concepts and ideas that help us understand and address
the problem. Additionally, learning activities must create
opportunities for students to practice ST skills to analyze the
composition, structure, behavior, and e!ects of relevant
interacting systems and to develop socio-environmental
competency by analyzing and evaluating diverse factors,
including social, environmental, economic, and political
considerations.
Overall, during the planning of units of instruction using an

ST approach, chemistry educators should make intentional
design decisions that build and strengthen meaningful relation-
ships between students and the chemistry content, between
students and the context in which they live, between students
and other students, and between students, educators, and the
educational resources they have to o!er.37

Implementing Stage

During the implementation of lessons, modules, or units of
instruction using an ST approach, we suggest organizing the
content and activities designed in the planning stage in a
sequence that helps students (1) develop an understanding of
the nature and scope of the system under analysis (Map Out),
(2) identify main chemical components and characterize major
interactions between them (Zoom In), (3) recognize system
level properties and behaviors that emerge from the interactions
between components as well as examine major factors a!ecting
them (Zoom Out), and (4) explore the e!ects of interactions
between relevant subsystems (e.g., chemical and biological to
social and economic subsystems) (Connect).
MapOut.When chemistry lessons are implemented using an

ST approach, we suggest beginning with activities that help
students understand the nature and scope of the system under
analysis. These activities should engage students in a first
analysis of the socio-environmental problem or phenomenon of
interest and help them recognize the types of subsystems in
interaction (e.g., hydrosphere and atmosphere) and the factors
that a!ect them. These factors may be chemical, physical,
biological, environmental, social, political, or economic. The
goal of these introductory activities is to map out the landscape
of variables and factors to consider, creating the first overall view
of the nature and complexity of the problem or phenomenon to
be analyzed.
To meet these objectives, students can complete introductory

reading assignments on the subject. They may watch short
videos describing the problems and potential solutions. They
may analyze some data to identify the relevant patterns. To
summarize their initial insights and understandings, students can
collaboratively build diagrams highlighting the major actors and
their interactions. For example, they can create or complete
system maps that visually depict the main components of the
system of interest and their relationships.38,39 For this purpose,
students can use tools available freely online that facilitate this
work, such as the SOCKit31 developed by the King’s Centre for
Visualization in Science (see Figure 4). Overall, before delving
into the chemical roots of the problem, students should develop
an overarching understanding of its scope and complexity.

Zoom In. Once students develop an initial understanding of
the socio-environmental issue to analyze, educators can delve
into the chemical concepts and ideas that help to make sense of
the problem and propose solutions. For this purpose, they
should create opportunities for students to explore the problem
or phenomenon using chemical models at appropriate levels of
granularity, which requires zooming in across di!erent scales in
space and time, from the macroscopic to the submicroscopic
levels and from processes and events taking many years to only a
few seconds. The nature and extent of zooming in should be
guided by the outlined learning outcomes.
During this phase, students should be able to identify the

major chemical components involved in the systems and
processes under consideration.14,15 They should recognize
their properties and interactions and use this information to
build causal stories to predict the behavior of the system of
interest and explain the targeted phenomena. Developing
students’ ability to generate these mechanistic explanations40
is critical for understanding structure−property relationships in
chemistry,41,42 specifically, understanding how and why the
composition and structure of chemical components determine
the properties and behavior of a chemical system.
We can foster student reasoning in this area by using a variety

of interactive visualization and simulation tools freely available
online, such as the Chemical Thinking Interactives,43 KCVS
Visualizations,44 Molecular Workbench,45 and PhET Interactive
Simulations.46 As we work with students developing and
applying chemical models at various scales, we should help
them comprehend how to use information about the
composition and structure of di!erent chemical entities to
predict, for example, which will be more stable under certain
conditions, what may react with each other and undergo a
chemical transformation, and which products are most likely to
result from these interactions. Ultimately, rather than presenting
chemistry as a large body of knowledge that students should
memorize, we should ensure that our learning activities help
them conceptualize chemistry as a powerful way of knowing,
thinking, and acting in the world.47

Zoom Out. In traditional chemistry courses, educators
commonly analyze chemical systems composed of a few
particles. They may, for example, study the properties of small
molecules made of a few atoms. They may represent chemical
reactions involving a few molecules of reactants and products
and explore phenomena that occur in a few seconds or, at most,
in a few hours. Additionally, the properties and behaviors of
chemical substances are typically analyzed in segmented ways,
discussing, for example, stoichiometric issues in one unit and
energetic or kinetic considerations in others. However, the
complex problems a!ecting our world are driven by processes
occurring across multiple scales and dimensions (e.g.,
composition, energy, and time). Often, one cannot attribute
many of the properties and behaviors of the systems of interest
to one or a few components and constrain the analysis to a single
variable or dimension. Instead, properties emerge from the
interactions of unimaginably large numbers of diverse particles
distributed all over the planet. The processes of interest occur on
time scales of months or years, and their causes typically have
distant origins in space and time. Their analysis thus demands
crossing di!erent levels of granularity and physical dimensions
and integrating diverse types of knowledge.
Consequently, when teaching chemistry using an ST

approach, educators must zoom out from the submicroscopic
scale to the macroscopic world. They should guide students in
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applying chemical ideas and ways of thinking to make sense of
large-scale phenomena, such as matter and energy cycles in
systems of interest or positive and negative feedback loops
controlling or a!ecting a system’s stability. Students should be
able to use their chemical knowledge to build mechanistic
explanations about a complex system’s emergent properties,
such as changes in marine life due to increased concentrations of
carbon dioxide in the atmosphere or the development of
antibiotic resistance due to overuse and misuse of these
medications.
As zooming in on a system’s chemical composition and

structure is critical to understanding the components that a!ect
its behavior, zooming out is needed for understanding how the
interactions and organization of those entities lead to the global
challenges facing our planet and identifying solutions in which
chemistry has a central role to play.
Connect. Traditional chemistry lessons are often packed

with content that little time is left for students to integrate and
reflect on their learning. When teaching chemistry using an ST
approach, educators must ensure that students have these
opportunities. Closing activities should allow students to
summarize the main understandings developed during the
lesson. These tasks should help them reinforce knowledge
connections, step back to look at the whole picture, and reflect
on what they have learned. Closing activities should also open
room for students to highlight connections between the di!erent
aspects of the socio-environmental issue in interaction, reflect on
the benefits, costs, and risks of strategies proposed to address
detected problems, and apply their knowledge to suggest
individual or collective actions directed at addressing the issue
under consideration.
To achieve these goals, educators may ask students to build a

summary table or report in which they describemajor patterns in
the system under analysis, the chemical causes and mechanisms
discussed in class, and the interconnections between relevant
subsystems.35 They may also suggest that students revise the
initial system map they built at the beginning of the lesson. This
map should be modified or enriched by using the new
understandings that students have developed. Educators and
students could also organize presentations, class discussions, or
debates to share ideas about how to apply chemical knowledge
and ways of thinking to address the targeted issue. What
individual and collective actions may be implemented? What
potential solutions would ensure safe and equitable outcomes?
What actors and processes at any level, including chemical,
biological, social, or political, should be influenced to attain
sustainability goals? Through these tasks, students should
recognize the extent and value of what they have learned and
demonstrate the depth of their understanding.
Assessing Stage

When assessing lessons, modules, or units of instruction using an
ST approach, we suggest regularly engaging students in activities
to evaluate their understanding (Evaluate) and critically
reflecting on how instruction may better support student
learning (Reflect).
Evaluate. Student learning should be formatively assessed

on a regular basis to provide feedback that helps students
advance in their understanding and gather information that can
be used to improve the lesson.48 Student understanding should
also be evaluated using summative assessments designed to
measure attainment of integrated learning goals.49

Implementing formative assessment regularly during chem-
istry lessons is crucial to advance student understanding and
inform instruction. These assessments can be formal, through
planned in-class activities, or informal, by students interacting
on the fly. Their implementation usually follows a cycle of
eliciting students’ ideas, interpreting student thinking, and
implementing actions to redirect or advance student under-
standing.50
Educators can elicit students’ prior knowledge and current

ideas by posing probing questions and encouraging students to
elaborate on their answers. They should seek to interpret their
ideas to identify conceptions that may serve as springboards for
further learning, or theymay need to discuss to redirect students’
thoughts. Based on these inferences, educators should provide
students with feedback in the form of specific suggestions on
what ideas to add or reconsider and what next steps to follow.
This feedback should come not only from the educator but also
from other students. Formative assessment should respectfully
involve all learners to advance the group’s understanding.
As part of the evaluation process, educators must also design

and implement summative assessments to determine how well
students have met the learning outcomes. When teaching
chemistry using an ST approach, these outcomes are multi-
dimensional. Thus, the summative assessments should reveal
whether students can apply the targeted central ideas, science
and engineering practices, systems thinking skills, and socio-
environmental competencies in integrated ways. Rather than
relying on traditional exams with questions that measure isolated
pieces of knowledge, we suggest using integrated assessments
that ask students to transfer and apply what they have learned to
analyze a problem or phenomenon related to the one explored in
class.49 Overall, we should consider formative and summative
assessments as both learning experiences for the students and
opportunities for educators to gather data about student
understanding.

Reflect. Formative and summative assessments are powerful
tools for collecting data on student learning during a lesson.
Educators can use these data to evaluate the e!ectiveness of the
instructional sequence, reflect on changes that would foster
student learning, and take actions that strengthen the lesson
activities.51 Educators should use these data to critically reflect
on aspects of the lesson that they can modify to enhance student
learning. This reflection demands paying attention not only to
cognitive but also to a!ective issues impacting student learning
and recognizing and a!ecting barriers acting at the individual
and classroom levels.52,53
An educator’s reflection does not need to be a solitary activity.

When teaching chemistry using an ST approach, chemistry
educators benefit from the interaction with people from other
areas. The complex issues used to structure the lessons typically
require applying knowledge and ways of thinking from various
fields, such as other natural sciences, the social sciences, and the
humanities.28,29 Understanding and addressing the grand
challenges facing our planet require an interdisciplinary
approach. Ultimately, it would be ideal to integrate the entire
school curriculum to prepare students who can think about
complex issues and problems from di!erent disciplinary
perspectives.

■ FINAL COMMENTS
The educational framework described in this paper should not
be conceived as a rigid sequence of steps that must be followed
in the stated order. It seeks rather to highlight important areas of

Journal of Chemical Education pubs.acs.org/jchemeduc Commentary

https://doi.org/10.1021/acs.jchemed.4c00216
J. Chem. Educ. 2024, 101, 1785−1792

1790



 182 
 

consideration and reflection when planning, implementing, and
assessing units of instruction using an ST approach. For
example, it may be best to design formative and summative
assessments during the planning stage once the learning
outcomes are defined. Educators who adopt this framework
should adapt it to their contexts and the characteristics and
needs of their students.
We recognize the challenge of developing educational

materials without many specific examples that can guide our
work or access to educational resources, such as textbooks,
aligned with the desired approach. Thus, we encourage
chemistry educators interested in reorienting their teaching
using an ST perspective to review the examples available online,
such as the materials developed by the SaSTICE project from
the IUPAC19,25 and those created by the ACS Green Chemistry
Institute.54 These resources can serve as guides and references
while creating new materials.
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Chapter 7: Conclusions and future direc'ons for systems thinking in chemistry 

educa'on  

In this chapter, I provide an overview of the key findings, implica>ons, and limita>ons of the research 

projects presented in this thesis, as well as their significance to academic communi>es. I discuss future 

direc>ons for inves>ga>ng ST in chemistry educa>on and I conclude with final remarks on the lessons 

learned from my PhD as well as advice for fellow graduate students. 

7.1 Conclusions, implica<ons, limita<ons, and significance of the research presented in this 

thesis  

Chemistry has been pivotal in advancing various aspects of life, but now faces a pressing need to 

adapt amidst environmental crises (e.g., carbon emissions and plas>cs pollu>on), which are direct 

outcomes of chemical processes.1–4 To address these challenges, we must reimagine how chemistry is 

taught to empower current and future chemistry innovators.4,5 

Chemistry and chemistry educa>on researchers and scholars have been promo>ng a systems 

thinking (ST) approach to highlight the centrality of chemistry in these challenges and to be3er equip 

future ci>zens and scien>sts with the knowledge and skills required to understand and tackle these 

complex global issues.3,6–16 The momentum to use a ST approach in chemistry educa>on was ini>ated by 

the use of ST approaches in other disciplines such as Geoscience, Engineering, Environmental Science, 

and Biology.17–23 However, many of the claims on the benefits of ST from these disciplines are not 

supported by research evidence.24–42 To determine if a ST approach is beneficial or possibly not beneficial 

to chemistry educa>on, rigorous evidence-based research is needed to determine the effects and 

impacts of a ST approach in chemistry educa>on. 

My doctoral research has significantly contributed to this need for evidence-based research on ST by 

using qualita>ve research methods to inves>gate educators’ and students’ perspec>ves and experiences 

of a ST approach in chemistry educa>on. 

Our first project (Chapter 2) iden>fied specific aspects related to educators’ knowledge and beliefs 

about ST, educators’ experiences for implemen>ng ST, and personal and contextual factors that experts 

and administrators can address to reduce barriers for the implementa>on of ST in chemistry educa>on.7 

At the >me of conduc>ng this research, other chemistry educators had published on educators’ 

perspec>ves of ST as well as the opportuni>es and challenges of ST.43–46 Our research was the first to use 

an educa>onal change model for understanding the complex interconnected factors that enable or 
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hinder chemistry educators’ willingness and ability to implement ST. Inves>ga>ng the complexity of 

educator factors that influence ST adop>on needs to be understood if ST approaches are to be 

successfully integrated into chemistry educa>on. Surveying a group of 56 secondary and postsecondary 

chemistry educators from ten different countries we found that educators generally reported (1) a low 

level of knowledge on ST (i.e., educators’ knowledge), (2) their willingness to implement ST depends on 

the availability of teaching resources, curriculum coverage, research-based evidence, and >me to learn 

and implement ST (i.e., contextual factors), and (3) they a need to see an alignment of a ST approach 

with their current teaching values and approaches (i.e., personal factors).7 These three findings 

nega>vely influenced educators’ willingness to adopt a ST approach sugges>ng that efforts of change 

need to be made toward educators’ knowledge, contextual factors, and personal factors.7 In alignment 

with these findings, we found barriers related to educators’ knowledge (i.e., limited exper>se in ST) and 

contextual factors (i.e., limited >me to learn and teach ST, limited teaching resources and assessments) 

were rated the highest among educators.7  

Educators also reported various experiences with ST, with most par>cipants indica>ng some or no 

experience with ST.7 However, those who indicated they have experience with ST, did not know or 

specifically call it ST and most indicated they implemented ST by teaching chemistry concepts in 

context.7 While context-based learning can be used in a ST approach, ST approaches extend beyond 

puxng concepts in context to engage learners in other ST skills.47 Here, we communicated the need to 

clearly dis>nguish the requirements of a ST approach for both the instructor and learner and how to 

adapt current teaching approaches to incorporate these requirements for ST.7 Collec>vely, our research 

can guide priori>es for educa>onal change efforts on ST and alignment of these findings with other CER 

emphasizes the importance of addressing these challenges to achieve widespread ST implementa>on. 

Considering these challenges, our second project focused on determining what educator barriers 

could be mi>gated by understanding students’ experiences with ST and where to place emphasis when 

teaching ST to students (Chapter 3). To know what to emphasize when teaching ST, we iden>fied ST skills 

students readily demonstrate and other ST skills that need more explicit scaffolding in instruc>on.48 

However, assessment methods for ST skills are scarce in chemistry educa>on, as emphasized by 

educators’ perceived barriers on ST.7,49 During this >me, our study was one of the first to develop a tool 

for assessing aspects of ST that encompasses mul>ple forms of assessment tasks including system maps, 

and wri3en and verbal responses, which has not previously been shown in the literature.48 

ST ac>vi>es and interviews with 26 undergraduate and graduate chemistry students showed that 

most students demonstrated the 11 ST skills that we assessed; however, some aspects of the ST skills 
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were demonstrated less frequently.48 In par>cular, students’ system maps (1) had fewer concepts and 

connec>ons at submicroscopic levels of granularity (e.g., molecular, atomic, subatomic), (2) included 

mul>ple types of connec>ons but limited circular loops and causal connec>ons, and (3) demonstrated a 

breadth of connec>ons but did not include connec>ons in their system maps that considered human 

impact on chemistry. 48 Our findings suggest the need to be purposeful and explicit about the ST skills 

that are taught to students and the prompts and scaffolds used to elicit these skills. 48 This research is 

important for providing a star>ng point to understand how to assess ST skills in chemistry educa>on 

which is required if ST is embedded into chemistry curricula.  

The research in Chapter 4 builds on our understanding of students’ experiences by more broadly 

exploring their experiences with the individual and collabora>ve ST tasks as well as iden>fying their 

perspec>ves.50 Using the same study design and the remaining data collected from the 26 students from 

the research in Chapter 3, we found varying posi>ve perspec>ves from students’ engagement with the 

ST tasks and their perspec>ves of other students engaging with ST in a chemistry course.50 Par>cipants 

believed that ST: (1) is beneficial to learning, (2) captures interests and engagement, (3) allows 

perspec>ves to be shared and gained, and (4) provides personal, social, and professional relevance.50 

 Students also had varying experiences related to construc>ng their system maps individually and 

collabora>vely.50 Students reported beneficial experiences which included, the apprecia>on of different 

perspec>ves and ideas from group members, group system map construc>on was more meaningful than 

their individual maps, and the group task helped them to iden>fy more concepts and connec>ons.50  

While most students reported posi>ve and beneficial experiences, there were also some aspects of 

the ST tasks that students found challenging. Students reported difficul>es with making connec>ons, 

specifically to chemistry concepts, and indicated that >me, their knowledge, and technology skills limited 

the construc>on of their individual and group system maps. 50 Aside from the opportuni>es and 

challenges of construc>ng system maps, we also found different ways students approached and 

organized their system maps sugges>ng the need to support students with system map instruc>on if 

they are given specific expecta>ons.50  

These findings significantly contribute to the literature in two ways (1) iden>fying ways to effec>vely 

implement ST into chemistry courses to support the development of ST skills and (2) shedding light on 

the poten>al for collabora>ve ST approaches to improve diversity and inclusion when learning chemistry. 

This research was the first in the literature to iden>fy the poten>al value of ST approaches for improving 

EDI as well as decolonized and Indigenous perspec>ves in chemistry educa>on which requires more 

inves>ga>on. 
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 The research presented in Chapter 2 to 4 on ST in chemistry educa>on is amongst the first in the 

field, thus this work is only a start to providing evidence on ST approaches in chemistry and serves as the 

groundwork required for future research on ST. Much more research is needed to determine the impacts 

of ST to chemistry educa>on.  

With this goal in mind, we developed a new ST study to experimentally inves>gate the impact of 

using a ST approach to support the evalua>on of scien>fic misinforma>on (Chapter 5). In this chapter, I 

propose ST’s role in evalua>ng misinforma>on and provide a detailed overview of the literature on 

educa>onal approaches for evalua>ng scien>fic informa>on, research ques>ons and goals of the study, 

theore>cal frameworks used to explore the research ques>ons, and a comprehensive study design and 

analysis plan used to inves>gate the research ques>ons. This study may have profound impacts on 

helping address the misinforma>on crisis we are currently faced with and expand our knowledge on the 

impact of a ST approach in chemistry educa>on. 

In the la3er part of my graduate degree, I focused on mobilizing some of our research findings into 

prac>ce through the development of a ST framework (Chapter 6). This ST framework is a valuable 

resource for helping educators who would like to embed a ST approach into their chemistry courses but 

do not know where to start.51  Educators also have access to examples that were created using the 

framework to help them with the process of ST implementa>on.51 This work also helps to mi>gate ST 

knowledge and contextual barriers that we iden>fied in our previous research.7 

There can be many challenges when conduc>ng research, as I have described at the beginning of the 

chapters in this thesis but, there are also several limita>ons. While I have already outlined limita>ons 

specific to each project within each manuscript, here I will share my thoughts on a few overarching 

limita>ons of my PhD work. Before doing so, I want to emphasize that these limita>ons do not take away 

from the value of our work and with more >me and resources, these limita>ons can be achieved. 

However, I believe there is more value in sharing significant findings with stakeholders aier making 

difficult choices to accept certain limita>ons rather than holding back from trying to address all 

limita>ons in a study. 

The ST interven>on and interviews we created to explore students’ perspec>ves and experiences 

helped us achieve a deep understanding of how students’ approach, engage, and perceive ST tasks, but 

these findings are limited to one ins>tu>on in Canada and students who willingly volunteered their >me 

to par>cipate in this study. Therefore, one overarching limita>on of this work is that we do not know if 

students within a class sexng (where the study is integrated within the class, minimizing bias) or at 

different ins>tu>ons around the world have the same experiences and perspec>ves as the students who 
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par>cipated in our ST study. With any qualita>ve study, a small sample size is beneficial for exploring the 

depth of a phenomenon but less beneficial for understanding its breadth, limi>ng the generalizability of 

its findings. Different experiences and perspec>ves can change the criteria and approaches for 

implemen>ng ST in chemistry courses; therefore any claims about best prac>ces for implemen>ng ST 

must be considered with cau>on. As more research on ST is conducted by other chemistry educa>on 

researchers, any alignment of findings with our work will improve generalizability. 

Another overarching limita>on of the work presented in this thesis is that we do not know if the ST 

framework and the implica>ons of our ST research are feasible for educators. We have yet to explore the 

impact of this work on educators while considering their different roles and contexts, which requires 

forming collabora>ons with educators to understand how the implica>ons to our research and use of the 

ST framework can be embedded effec>vely into their teaching prac>ce. The same can be true for 

understanding the impact on students’ learning, which will be described in more detail in the following 

future direc>ons sec>on. 

The work I have led or been a part of my PhD on ST in chemistry educa>on is amongst the first in the 

field and has significantly contributed to a be3er understanding of ST in chemistry educa>on. From a 

different perspec>ve, our work has further reached other areas of chemistry educa>on including 

educa>onal change, assessment, curricular development, and EDI. Our work on educators’ perspec>ves 

has informed other research and ini>a>ves such as the development of new frameworks for ST in 

chemistry educa>on,52,53 and further inves>ga>on into educators’ perspec>ves and beliefs of ST and new 

approaches (e.g., green chemistry).15,54–58 Findings from our research on the assessment of students’ ST 

skills have been used to inform other research studies on ST skill assessment59,60 and are considered in 

the development of an educa>onal framework.61 While it is too early to see the impact of our recent ST 

student perspec>ves and experiences research on the chemistry educa>on communi>es, this work 

opens doors for new conversa>ons and ideas about ST’s poten>al impact on EDI in chemistry educa>on, 

which is an emerging topic in the field.62–64 I believe there is a lot of poten>al for a ST approach in 

chemistry but much more inves>ga>on is required to understand its impacts on the field, and once this 

informa>on is known and resources are provided (e.g., ST integra>on in textbooks, assessment ques>ons 

and tools, incen>ves, administra>on support) then chemistry educators might be more willing to 

implement a ST approach in their courses. I am excited to see what the future looks like for ST in 

chemistry educa>on. 
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7.2 Future research direc<ons for systems thinking in chemistry educa<on. 

I communicate my perspec>ves on future research for ST in chemistry educa>on by first reflec>ng on 

an ar>cle published on the future direc>ons for ST in chemistry educa>on in 2019. This ar>cle was 

published at the >me I started my degree and serves as a great reflec>on of what the field has 

accomplished over the years and what has yet to be inves>gated. In this ar>cle, the authors 

communicate the need for evidence-based research on the effects and impacts of ST approaches and 

ini>a>ves, with research areas on the cogni>ve domain, affec>ve outcomes, long-term transfer of 

knowledge and skills, and EDI in chemistry.65 Our research covers three of these areas – the cogni>ve 

domain, affec>ve outcomes, and EDI. Other researchers have also completed cogni>ve studies focused 

on inves>ga>ng how students engage with system maps or conceptual modelling in chemistry 

educa>on,12,15,48,50,60,66,67 and the ST skills they demonstrate.48,60,67 Most of these studies, including our 

own, inves>gates how ST skills are demonstrated by engagement of chemistry concepts. To my 

knowledge, no studies have yet focused on the influence of ST approaches on students’ understandings 

or reasoning of key chemistry concepts and ideas. Inves>ga>ng this specific area of ST research will help 

to address the overarching need of iden>fying the impact of ST approaches on chemistry educa>on.  

There are s>ll many research opportuni>es needed to explore affec>ve outcomes and EDI in 

chemistry. About a handful of papers from the literature, including our work and others, have uncovered 

some poten>al affec>ve implica>ons of ST approaches in chemistry based on chemistry students’ and 

educators’ feedback and perspec>ves.7,12,15,44,45,50,55 These were all qualita>ve studies due to the goal of 

uncovering ideas to learn more about how students and educators perceive ST. The findings from these 

qualita>vely studies can now be inves>gated more broadly, quan>ta>vely. For example, experimental 

studies need to inves>gate if ST approaches (e.g., collabora>ve verses individual approaches) improve 

student engagement, self-efficacy beliefs, and axtudes toward chemistry compared to other teaching 

approaches. The same is recommended for EDI studies in chemistry. Now that we have uncovered the 

poten>al of collabora>ve ST approaches for improving EDI in chemistry, we need to measure the 

inclusion and equity outcomes of this approach (e.g., student reten>on and persistence in chemistry, 

dispari>es in academic success of underrepresented students). There has been more a3en>on toward 

EDI studies in our field and across disciplines, making this avenue of research par>cularly valuable to the 

broader science community. 

The last area of future ST research I will discuss is focused on the area that has not yet been 

published, long-term transfer of knowledge and skills in chemistry. Inves>ga>ng the impacts of a ST 

approach on students’ long-term knowledge and their ability to transfer chemistry reasoning and skills to 
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different contexts requires longitudinal studies.65,68 Ironically, when I communicate how a ST approach 

has been proposed to complement current teaching approach in my presenta>ons and recent 

manuscript, I emphasize that a ST approach could aid in the transfer of knowledge and skills. Yet, we 

have no evidence of this proposed claim, par>ally because longitudinal studies require more >me and 

resources, and we first need evidence to know how to effec>vely implement ST into chemistry courses 

and into the curriculum. To date, the qualita>ve ST studies and efforts for implemen>ng ST into the 

chemistry curriculum open more possibili>es for inves>ga>ng the transfer of knowledge and skills when 

using a ST approach. Ideally, these studies would be conducted in a chemistry course that embed ST 

learning outcomes into the chemistry curriculum. Students’ knowledge and skills can then be measured 

through assessment tasks at several >me points in the course. Long-term, if ST is made a requirement in 

chemistry programs, then students’ transfer of knowledge and skills can be measured across courses 

over several years. These longitudinal studies would complement cogni>ve studies on students’ 

understanding of chemistry concepts and together they will produce more evidence on the impacts of ST 

in chemistry educa>on. 

 We s>ll have a long journey with ST research in chemistry educa>on as we have yet to have a 

comprehensive understanding of the impacts of ST approaches to the field. Despite this, I am proud of 

the contribu>ons I have made to chemistry educa>on research, as this work can spearhead new 

learnings, ini>a>ves, and much-needed future research on ST in chemistry educa>on. I am excited to see 

where and how the chemistry educa>on community con>nues this journey of inves>ga>ng ST and I hope 

my work inspires new leaders in the field to get involved. 

7.3 Final remarks of PhD thesis 

Throughout my degree, I have worn many hats and have experienced many posi>ve and nega>ve life 

events, and through these different roles and experiences, I have grown professionally and personally. To 

give some context, I have always struggled with my self-worth and self-confidence – a3ending graduate 

school, let alone a PhD, was something I did not believe I could do or achieve. I worked a lot on 

challenging this belief throughout my degree, but I also had incredible mentors who provided me with 

opportuni>es that showed me what I could achieve, taught me new skills, and supported me on my 

journey.69 Progress reports are one of the tasks Dr. Flynn assigns group members to complete at the end 

of each semester and included in this task, we are asked to write personal reflec>ons. Not only have 

these progress reports made it easier to write this thesis, but they provide evidence of my professional 

and personal growth, and my ability to complete this PhD. 
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 In this last part of my thesis, I share some of the reflec>ons I have completed along the way to 

communicate how my academic and personal experiences and more importantly, the influence of 

amazing mentorship has helped me grow and overcome the belief of not being able to complete this 

PhD. 

Star>ng graduate school was difficult not only from star>ng a new role and se3ling in a new 

environment but also due to naviga>ng personal and global circumstances. I had a sick family member 

who was very close to me, and I would travel back and forth to visit them. Oien, due to the travels, I 

would miss out on graduate student social events. The combina>on of these events made me constantly 

feel behind and overwhelmed academically and socially in graduate school. Dr. Flynn understood the 

challenges I was faced with and showed pa>ence and support by not puxng addi>onal expecta>ons on 

me and giving me the >me and space to deal with these challenges.  

I knew I made the right decision to join the Flynn Research Group when Dr. Flynn acknowledged my 

values and personal and professional goals, and she has con>nued to support me with these goals 

throughout my PhD. I was also allowed to make decisions and take ownership of the design of ST studies 

which, gave me a sense of agency, boosted my confidence, and made me feel invested in my research. 

One-on-one weekly mee>ngs with Dr. Flynn as well as group mee>ngs with our collaborator, Dr. Peter 

Mahaffy, helped to define short- and long-term goals for our ST project and they provided construc>ve 

feedback and ques>ons to help advance the project. When I finally felt I was making substan>al progress 

on my research, the world was shut down by the COVID-19 pandemic. 

Most of my graduate degree was completed during the COVID-19 pandemic, which created many 

nega>ve but also posi>ve experiences. The isola>ng nature of the pandemic made it challenging to 

create new friendships and discover where I fit in graduate school. Conferences were cancelled and 

offered online. While it was a privilege to have the opportunity to a3end these online conferences, 

networking was limited, which is a primary benefit of conferences. Along with other graduate students, 

the pandemic impacted produc>vity and forced me to redesign aspects of the study to collect data 

virtually. This experience was the first of many where Dr. Flynn played a cri>cal role in suppor>ng me to 

navigate research challenges and develop resilience.  

Dr. Flynn provided me with opportuni>es that helped me witness and develop confidence in my 

academic abili>es. She sees the value of bringing students to the table to tackle educa>onal challenges 

and build resources. Therefore, she invited our graduate chemistry educa>on research class to 

contribute to the development of an eBook on Remote Teaching: A Guide for Teaching Assistants.70 This 

book is an Open Educa>onal Resource designed to provide teaching assistants from all five departments 
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in the Faculty of Science with teaching approaches and strategies to transi>on to a remote teaching 

environment. With the uncertainty of what remote teaching could look like, this book provided and 

con>nues to provide teaching assistants (TAs) with many resources to ease the stress for transi>oning to 

remote teaching; for some, a very unfamiliar approach. I was one of two graduate students who 

contributed to this eBook as a co-author, and I was able to share my experiences teaching in both 

secondary and post-secondary educa>on. Dr. Flynn further provided me the opportunity to develop 

synchronous workshops to help TAs prac>ce the skills and teaching approaches that are explained in the 

book. 

Aier experiencing so much isola>on from the pandemic, 2022 was a huge turning point in my 

academic career and personal life. There was so much to look forward to when life started coming back 

to “normal”. The 2022 Canadian Chemistry Conference and Exhibi>on was my first in-person Na>onal 

conference, and I remember the excitement of mee>ng so many well-known, established scholars in 

Chemistry Educa>on. This was the start of making many long-las>ng connec>ons in the chemistry 

educa>on communi>es and these connec>ons are one of the things I cherish the most from my PhD. 

Over the years, Dr. Flynn has taught me valuable skills for giving presenta>ons at these conferences and I 

have become more confident with my ability to present my work due to her support and guidance. 

While I experienced many memorable events and opportuni>es in 2022 including a3ending in 

person conferences, submixng a manuscript, in-person learning and teaching, gexng married, and 

honeymooning in Africa, these were all very big events, and I did not give myself a break to process it all 

nor reset for the new school year leading to a mental health crisis. I got beyond the point of exhaus>on, 

feeling like I could not keep up with my research or personal life, which led to a downwards spiral of my 

mental and physical states. This was a scary >me of my life and there were moments where I felt I could 

not con>nue pursuing this degree, but I was able to overcome this challenge with the help of my 

incredible support system- my husband, my family, Dr. Flynn, and the University of O3awa Health and 

Wellness Centre. 

 I share this personal informa>on in my thesis not to receive sympathy but to help reduce the s>gma 

surrounding mental health in the academic community and emphasize the important role of supervisors’ 

support in these situa>ons. Over recent years, issues related to mental health and well-being in 

academia have a3racted increasing a3en>on from researchers and the media.71 However, mental health 

or feelings of imposter syndrome are oien not talked about in academic sexngs. As exemplified by a 

mental health advocate, Dr. Zoe Ayres, who is the founder of Voices of Academia,72 and author of the 

book Managing your mental health during your PhD,73 sharing mental health and wellness stories can 
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help to promote mental health in educa>on and work towards a culture where wellness is acknowledged 

as a cri>cal part of being a successful academic and professional.  

I am super fortunate to have a supervisor who values mental health and supported me by giving me 

the >me and space to focus on my well-being. I realize not everyone in academia is provided with that 

same level of support, so I urge the academic community to treat one another with kindness and to 

learn more about mental health and ways to be an ally. Doing so may help one develop the resilience to 

overcome challenges, like it did for me just before my final year of my degree. 

This last year has been the most impacqul, memorable, and rewarding as a researcher, professional, 

and person as I have been privileged with many opportuni>es that allowed me to share my research 

more broadly. Most of these opportuni>es came from my involvement with the IUPAC Systems Thinking 

in Chemistry for Sustainability: Toward 2030 and Beyond project.74 I deeply thank Dr. Peter Mahaffy for 

the invita>on and the rest of the working group members for welcoming me into the project. While it 

was first in>mida>ng to work with so many esteemed scholars, being a member of this working group 

made me feel that my research and exper>se was valued and that I could make a greater contribu>on to 

the chemistry and chemistry educa>on communi>es. Addi>onally, I gained more experience with 

collabora>on leading to a manuscript and co-leading a workshop on systems thinking at the 

Interna>onal Conference on Chemistry Educa>on in Thailand. At this conference, I met interna>onal 

chemistry educators who told me they were thrilled to meet me as they have been following my work 

closely over the years. One my lifelong goals is to make a posi>ve impact, so knowing my work has been 

beneficial to people interna>onally brings me great joy and fulfillment.  

As I reflect on this journey, I am incredibly thankful for all these opportuni>es given to me that have 

helped me grow professionally and personally. The challenging experiences played a significant 

contribu>on to this growth and resilience. I believe there are overarching lessons to learn and take away 

from every experience.  

In these last few words, I will share some final advice for fellow graduate students based on what I 

learned from my experiences during my PhD. Find mentors and engage with people who will push you 

and give you opportuni>es to see your fullest poten>al, lii you up instead of bringing you down, teach 

you professional skills beyond just those related to graduate school or academia, and who will support 

and respect your values and goals. Without my incredible mentors, Dr. Alison Flynn and Dr. Peter 

Mahaffy, who taught me new skills and supported me on my journey, I am not sure I would have been 

here wri>ng this thesis. I now feel empowered to take on the next chapter of my life. For those who are 

star>ng or are on this journey, you got this!  
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Chapter 8: Appendices 

8.1 Appendix 1: Suppor<ng Informa<on for Chapter 2 

Supporting Information: Investigating educators’ perspectives towards systems 

thinking in chemistry education from international contexts 

Alisha R. Szozda1, Kathryn Bruyere1, Hayley Lee1, Peter G. Mahaffy2, Alison B. Flynn1* 

1 Department of Chemistry and Biomolecular Sciences, 10 Marie Curie Pvt, Faculty of Science, 

University of Ottawa K1N 9A7, Ottawa, Ontario, Canada  

2 Department of Chemistry and the King’s Centre for Visualization in Science, The King’s 

University, Edmonton, Alberta T6B 2H3, Canada 

*E-mail: alison.flynn@uottawa.ca  

8.1.1 SI for Methods 

8.1.1.1 Instrument for data collection 

All questions in part 1 of the questionnaire used a 5-point Likert scale followed by 

“please provide an explanation to your response.” The explanation was purposefully 

implemented into the questionnaire to obtain response-process validity and to help distinguish 

the difference between the descriptive items on the Likert scale. Likert scale questions designed 

for the student and educator aimed to determine the extent of each barrier currently present in 

the literature and included the option “unsure”. We included this option because respondents 

may use the midpoint value in a Likert scale as a ‘dumping ground’ when they are responding 

to survey items that are unfamiliar to them, ambiguous, or socially undesirable.4 

8.1.1.2 Validity Evidence 

We aimed to establish validity of the data through three approaches: content validation 

methods, trustworthiness, and peer debriefing.5–7 Content validation methods were performed 

to assess the quality of responses to items in the questionnaire. Here, two experts who 

research STICE completed the educator questionnaire and provided comments to improve 

items. Changes to items were made accordingly. We strove to maximize the trustworthiness of 

our results by providing the questionnaire in the SI and providing detailed descriptions of our 
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participants and analysis methods. We also gave participants opportunities to explain their 

responses to the Likert scale questions in the questionnaire. These open-ended response items 

allowed participants to communicate any positive or negative beliefs and perspectives they had 

about the ST approach. Lastly, peer debriefing was used throughout the duration of the study. 

Regular sessions between the researchers and members of the Flynn Research Group allowed 

in-depth questions to be asked about the methods and interpretations and helped to address 

any assumptions and/or biases present in the analysis. This process maximized the credibility 

of the results.5 

8.1.2 Participants 

The online educator questionnaire was sent out internationally: as an email list 

submission and social media posts (i.e., Twitter and Facebook). Furthermore, the questionnaire 

was provided in French and English to broaden the recruitment of participants.  

Specifically, the questionnaire was sent out internationally to the Chemistry Education 

Division – Chemical Institute of Canada mail list, the Chemical Education Research mail list 

provided by Chemical Education Xchange and the Chemical Education Research committee of 

the Division of Chemical Education, Inc. of the American Chemical Society. Additionally, the 

questionnaire was sent through chemistry divisions of the American Chemical Society listservs 

to have a more diverse population (educators not limited to chemistry education research).  

Table S1 shows the diversity of chemistry educators who participated in this study. 

Table S1. Demographic information from the educator questionnaire.  

Population Groups Years of Teaching Gender 
African 1 0 to 5 11 Woman 28 
Australian 1 6 to 10 8 Man 24 
Black 4 11 to 15 8 Non-binary 2 
Chinese 1 16 to 20 9   
Japanese 1 21 to 25 9   
Latin American 1 26 to 30 4   
South Asian (e.g., 
East Indian, 
Pakistani, Sri 
Lankan) 

3 >30 6   

White 40    
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Educator role Courses taught by educators Country of Institution 
Adjunct Professor 1 Analytical Chemistry  5 Australia 5 
Assistant Professor 4 Biochemistry  3 Canada  20 
Associate Professor 10 Bioorganic/Bioinorganic 

chem. 
6 England  1 

Full Professor 9 Chemistry Laboratory 
courses  

1 Ghana 1 

Lecturer or 
Instructor 

10 Environmental chemistry 5 India  1 

Professor Emeritus 1 Highschool chemistry  6 Mexico 1 
Senior Instructor 5 Inorganic chemistry  8 Nigeria 1 
Teacher (grades 9 to 
12) 

5 Introductory/General 
chemistry 

35 South Africa  2 

Teaching Assistants 2 Organic chemistry  20 United States 20 
Other (e.g., visiting 
faculty, course 
manager, 
undergraduate and 
graduate student) 

9 Other Advanced chemistry 
(3rd/4th year) 

1
7 

Zimbabwe 1 

  Physical chemistry 3   
  Postgraduate chemistry 3   

 

Note: Descriptors were used from a combination of sources, including Canada’s Natural Sciences and Engineering 
Research Council and Statistics Canada. 

8.1.3 Data Analysis 

While it is beneficial to detect educator perspectives via constant comparative analysis, 

additional use of quantitative methods can help enrich the evidence and answer the research 

question to the next level. Quantitative analysis was carried out for the Likert scale questions 

on knowledge, flexibility, and willingness to implement STICE as well as years of teaching 

experience, experience with STICE and the student and educator/educational barriers 

questions. To determine any relationships among the following factors: knowledge, flexibility, 

willingness to implement STICE, experience with STICE, and years of teaching experience, a 

Spearman’s rank correlation test was conducted in SPSS.13 The correlation matrix of this test 

is provided in Table S3 along with effect sizes. Additionally, descriptive statistics are presented 

for educator’s willingness to implement STICE, knowledge of STICE, experience with STICE, 

and flexibility of new teaching approaches (Table S4). 
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To assess the extent of student and educator/educational barriers perceived by 

participants, descriptive statistics (N, mean, standard deviation) of each barrier was computed 

by SPSS by removing the “unsure” responses from each barrier. The Likert scale labels for each 

question were transcribed to numeric labels to compute the calculation (i.e., 1 – not at all a 

barrier, 5 – a complete barrier). 

Kruskal Wallis tests were then conducted to see if there was a statistically significant 

difference in the average extent of barrier between the experience groups (Figure S8 and Figure 

S9) 

8.1.4 Supplementary Theme 1: Knowledge, Experience, beliefs, Personal and contextual 
factors influence educators’ willingness to implement STICE 

8.1.4.1 Themes for qualitative analysis 

Table S2. Code book for educators' responses to their willingness to implement STICE. 

Themes Categories Description Representative quotes 

Educators’ 
knowledge 
hinders 
educators’ 
willingness to 
implement 

Educators’ need 
to gain more 
knowledge on 
STICE before 
deciding to 
implement 

Mention they would consider 
implementing if they had 
more knowledge or guidance 
about ST and/or how to 
implement. 

 
Mention they do not know 
what ST is and would need to 
learn more. 

“I understand the 
importance of STICE, but 
I am not sure how to 
implement it.” 
“Seeing that I don't know 
what ST is, I can't really 
say whether I would 
implement it, but I am 
open to consideration.” 

Educators’ 
beliefs 
support 
educators’ 
willingness to 
implement 

Educators believe 
ST helps with 
student skill, 
knowledge 
development, and 
engagement for 
learning 
chemistry  

 
Note: student 
engagement 
beliefs come from 
importance to 
implement STICE 
question in part 2 
of the 
questionnaire 
and do not 
overlap with the 
beliefs in the 

Educators’ mention: 
ST aids student 
understanding of chemistry 
concepts and its relevance to 
other contexts/disciplines. 
ST aids students with high 
level thinking skill 
development. 
ST increases student 
engagement for learning 
chemistry. 

“I love the idea of ST and 
trying to implement it 
also. It enables students 
to understand concepts 
better and see their 
practical application.” 
“I think it will increase 
student engagement, give 
non-majors a greater 
appreciation for chemistry 
and improve students' 
scientific knowledge and, 
potentially, their scientific 
communication skills.” 
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willingness to 
implement 
question in part 1 
of the 
questionnaire 

Educators believe 
ST is important 
for the future of 
chemistry 

Educators’ mention: 
ST allows chemistry to be 
viewed from multiple 
perspectives due to its 
connections to other 
disciplines/contexts. 
This way of thinking will 
benefit society and future 
scientists by thinking 
holistically about the 
consequences of actions. 
Helps provide structure or 
modernize the curriculum.  

“I believe implementing a 
ST approach can 
complement what 
students are learning in 
their courses, including 
linking course work to 
other courses.” 
“I believe we need to apply 
this to make the science 
more responsible for not 
just what we 
discover/produce but how 
that affects the world and 
sustainability rather than 
the quick fix.” 

Experience 
with STICE 
supports 
educators’ 
willingness to 
implement 

Educators are 
planning to 
implement or 
have already 
implemented 
STICE 

Educators’ mention: 
They are already planning to 
implement ST into their 
course(s). 
They have already 
implemented a ST approach. 

“We are in the process of 
designing a new 
curriculum for the 
laboratory. I have been 
asked to come up with a 
proposal. I have already 
mentioned that trending 
topics like ST should be a 
part of our curriculum.” 

Personal 
factors 
hinder and 
support 
educators’ 
willingness to 
implement 

Educators are 
interested in 
learning new 
approaches 

Educators’ mention: 
They are interested in 
learning and trying new 
approaches. 

“I am interested in 
adopting the STICE 
approach.” 

Educators are 
willing to try new 
approaches 

Educators’ mention: 
They are always willing to 
give new approaches a try. 

“Since I am able to 
incorporate learning 
activities in my classes, I 
am always looking for new 
ones to incorporate.” 

Approach needs 
to align with 
teaching values 
or current 
approach 

Educators’ mention: 
They are likely to integrate 
ST if it aligns with their 
values or current approach. 

“If it's close to my current 
thinking, then more likely 
to adopt it and integrate 
it. If it's far afield, less 
likely.” 

Contextual 
factors 
hinder 
educators’ 
willingness to 
implement 

Need for available 
resources  

Educators’ mention: 
They need resources that are 
available and easy to use, 
understand and implement. 
Might implement if approach 
meets course learning 
outcomes/allows content to 
be covered. 

“If resources were readily 
available, I would consider 
integrating STICE into 
each of my courses.” 
“I am not likely to 
integrate fully developed 
materials into my courses 
because I have very 

Concerns about 
curriculum 
coverage 
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Research-based 
evidence needs to 
be considered 
before 
implementing 

Need to be convinced that it 
is an effective approach 
and/or beneficial for 
students. 
Need time to learn and/or 
integrate STICE into course 
or curriculum. 

specific learning objectives 
to achieve.” 
“I would do my best to do 
it if I am convinced of its 
benefits.” 
“I don't have much time, 
and I can only do so much 
to develop or change my 
course as a result.”  

Need time to 
learn and/or 
integrate STICE 

8.1.4.2 Results from Quantitative Analysis 

Table S3. Spearman’s rank correlation table of five factors from the educator 
questionnaire 

 Flexibility Knowledge Willingness 
Years of 

Teaching 

Experience 

with STICE 

Flexibility 1.000 
-0.140 

[-.402, .115] 

-0.171 

[-.435, .096] 

0.328* 

[.029, .578] 

0.129 

[-.131, .356] 

Knowledge 
-0.140 

[-.402, .115] 
1.000 

0.457** 

[.184, .674] 

-0.034 

[-.334, .269] 

0.264 

[-.010, .537] 

Willingness 
-0.171 

[-.435, .096] 

0.457** 

[.184, .674] 
1.000 

0.018 

[-.323, .351] 

0.184 

[-.142, .500] 

Years of 

Teaching 

0.328* 

[.029, .578] 

-0.034 

[-.334, .269] 

0.018 

[-.323, .351] 
1.000 

0.086 

[-.224, .366] 

Experience 
0.129 

[-.131, .356] 

0.264 

[-.010, .537] 

0.184 

[-.142, .500] 

0.086 

[-.224,.366] 
1.000 

**. Correlation is significant at the 0.01 level (2-tailed) 
*. Correlation is significant at the 0.05 level (2-tailed) 
Bias corrected accelerated 95% confidence intervals are provided in brackets. 
Effect size of rs based on Cohen (1992): small = 0.1; medium = 0.3; large = 0.5 
 

Quantitative analysis showed there were only two significant relationships between 

factors with a medium effect size: (1) knowledge on STICE correlates with educators’ 

willingness to implement STICE and (2) the number of years an educator teaches correlates 

with educators’ flexibility to adopt new teaching approaches. 
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Table S4. Descriptive statistics of the five factors from the educator questionnaire 
Likert scale questions 

from educator 
questionnaire 

Mean 
95% Confidence 
Interval for mean Std. 

Deviation N 
Lower Upper 

Willingness to implement 
STICE 3.44 3.19 3.70 0.641 55 

Knowledge on STICE 2.52 2.12 2.92 1.014 55 

Experience with STICE 1.74 1.51 1.98 0.594 55 

Years of teaching 
experience 3.37 2.53 4.21 2.115 54 

Flexibility with new 
teaching approaches 3.70 3.34 4.06 0.912 56 

 

8.1.4.3 Contextual Factors 

 
Figure S1. Educators' perceived flexibility for implemen5ng new teaching approaches (N = 56). 

In the questionnaire, participants were also asked to identify and explain their level of 

flexibility for implementing new teaching approaches. While participants generally reported to 

have a high level of flexibility (Figure S1), the same four contextual factors (i.e., availability of 

teaching resources, curriculum coverage, research-based evidence, and time constraints to 

learn and implement STICE) identified in the manuscript (Figure 3), emerged from thematic 

analysis. Based on the TCSR model (Figure 1), these four factors can be categorized as broader 

culture contextual factors (n = 31) and align with the educator and educational barriers of 
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STICE that are present in the literature. Additional contextual factors related to institutional 

context and culture (n = 20) and department and subject area context (n = 14) were also 

identified from educator’s flexibility responses (Table S5). 

It is not surprising that institutional context and culture was the second most 

significant factor that hindered and allowed participants to have flexibility to try new 

approaches as institutional size, policy, and expectations are not consistent amongst 

institutions and high school educators have vastly different experiences and working contexts 

than post-secondary educators. 

Table S5. Code book for educators' responses for flexibility of new teaching approaches. 

Themes Categories Description Representative 
quotes 

Broader 
cultural 
context 
restricts 
and allows 
freedom of 
approach 
used 

Resource usage 
is restriction for 
flexibility 

Mentioned the following factors 
restrict flexibility: 
Lack of resource support. 
Requirement to meet course 
objectives/content/curriculum. 
Lack of evidence to support this 
approach. 
Time required to implement 
approach. 

 
 

“In addition, research 
needs to be prioritized 
- also a factor in 
considering the time 
cost.” 
“I am very much 
constrained by what 
curriculum I am 
supposed to cover.” 
“The only main 
obstacle is the amount 
of lecture time I have 
to effectively cover 
course content.” 

Constrained by 
curriculum, 
course content, 
syllabus, and 
learning 
objectives 
Evidence of 
approach needs 
to be considered 
Time for 
learning and 
implementing 
restricts ability 
to implement 

Freedom to use 
any approach 
they want 

Explicitly mentioned that they 
have complete flexibility to use any 
approach they want. 

“Nobody has ever 
suggested how I 
should teach 
anything!” 

Institutional 
context and 
culture 
restrict and 
allows 
freedom of 
approach 
used 

Structural 
factors influence 
educators’ 
ability to 
implement 

Educators’ mention: 
Size of classes/institution (e.g., 
smaller institution allows for more 
flexibility). 

“Quest University is a 
small institution 
meaning instructor 
autonomy and low 
administrative 
overhead for 
implementing changes” 

 
Colleague and 
institutional 
expectations and 
support 
influence 
educators’ 

Educators’ mention: 
Social pressure from colleagues’ 
(restricts freedom). 
Freedom depends on the 
colleagues they work with. 
Educators need to consider how 
large changes to approaches used 

“There is also social 
pressure to conform to 
the type of teaching 
done by my colleagues 
(even those it's not 
necessarily informed 
by best practices) so 
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ability to 
implement 

affect other courses and 
colleagues’ (restricts freedom). 
Educators have no expectations 
from administration (allows 
freedom). 
Encouragement and support from 
administration to try new 
approaches (allows freedom). 

that I get good 
teaching evaluations, 
and my students are 
primed to succeed in 
their courses.” 
“Some approaches may 
not be approved by the 
administration, for 
different reasons.” 

Policy imposed 
by the 
institution 
influences 
freedom to 
implement 

Educators’ mention: 
Policy restrictions from 
administration. 
Certain policies allow for more 
freedom. 

“Our course 
management policy 
allows for freedom in 
course development 
with only slight 
restrictions on 
assessments at the 
end of term and the 
requirement that full 
online delivery can 
only be run with 
approval of the 
Department Council 
and Senate.” 

Department 
and subject 
area context 
restrict and 
allows 
freedom of 
approach 
used 

Departmental 
expectations 
lower flexibility 

 

Educators’ mention: 
Collaborative decisions by 
department lower flexibility. 
Mandated assessments limit their 
flexibility. 
Approaches need approval by 
department or administration. 

 

“A lot of Academic 
freedom to teach as 
long as course 
objectives are met but 
as a dept we work 
together to choose 
material and lab 
activities.” 
“I can have a different 
teaching approach but 
must assess the same 
outcomes as 
equivalent units.” 

Subject area 
influences 
flexibility 

Educators’ mention: 
Type and level of course have 
different flexibility of approaches 
used. 

“It depends a bit on 
whether first year, 
second year or third 
year, how many 
students and which 
colleagues I am 
working with.” 

Educator 
role 
restricts 
and allows 
freedom of 
approach 
used 

Educator 
position impacts 
level of flexibility 
for an approach 
used 
 
Single instructor 
of a course 
allows for more 
flexibility 

Educators’ mention: 
An educators’ position allows them 
to have flexibility. 
Co-teaching courses restrict 
flexibility. 
Being a single instructor for a 
course allows more flexibility. 

“The courses I 
currently teach are co-
taught by other 
instructors and we 
must all teach in fairly 
similar ways as we 
must use the same 
supporting material 
(e.g., books) AND the 
same exams.” 
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8.1.4.4 Educators’ Knowledge 

Educators’ responses of the aspects of STICE they want to learn about were consistent with 

educators perceived level of knowledge of STICE. Over half of the participants indicated they 

had little to no knowledge of STICE (Figure S2). While fifteen participants (27%) indicated they 

had no knowledge as they had never heard of STICE before, the remaining participants self-

reported some level of knowledge and described ways in which they had gained this knowledge. 

Identifying ways educators gain their knowledge on STICE can be useful for understanding 

where emphasis needs to be placed on communicating STICE, to reach all groups of chemistry 

educators.  

 
Figure S2. Educator's perceived level of knowledge on STICE (N = 55).  

The number of ways chemistry educators gain knowledge on STICE was shown to 

increase across the knowledge groups. Educators who self-reported to have little knowledge 

(29%) on STICE typically gained their knowledge in one of four ways: conference presentations, 

websites (e.g., American Chemical Society), educational sessions on STICE, and discussions 

with colleagues (Figure S3). Educators with moderate knowledge (30%) on STICE typically 

gained their knowledge through one or two aspects and these aspects included the same ways 
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as the previous knowledge group with the addition of: publications on STICE, social media, 

direct participation with STICE projects, and familiarity of ST from different disciplines. Lastly, 

educators with a lot or thorough knowledge (12.5%) also reported they had gained knowledge 

in the same ways as the other two knowledge groups with the addition of: conducting STICE 

research, being a member of the IUPAC STICE project, and through teaching experiences. 

However, unlike the other two knowledge groups who reported one or two ways in which their 

gained STICE knowledge, this higher knowledge group had reported an average of three ways. 

These participants in the “a lot/thorough” knowledge group generally engaged in ways that 

involve communicating STICE to other groups of people. Educators did not report to gain 

STICE knowledge through textbooks or accreditation standards, which are other common 

means for knowledge construction. 

 
Figure S24. Reported ways chemistry educators gain knowledge on STICE.  

Little knowledge
(n = 16)

A lot / Thorough 
knowledge

(n = 7)

Reported ways educators gain STICE knowledge

Moderate knowledge
(n = 17)

Conducting STICE research 

Teaching 
experience

Member of IUPAC STICE 
project

Publications on 
STICE

Participation with STICE 
projects

Familiarity of ST from 
different disciplines

Social media 
(e.g., twitter)

Conference presentations

Websites (e.g., ACS)

Educational sessions on STICE

Discussion with 
colleagues/peers
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Overall, educators reported gaining STICE knowledge through one of the two 

communication channels: 26 via mass media (e.g., conferences, publications, chemistry 

organizations) and 14 via interpersonal (e.g., educational classes, social media, discussion with 

colleagues/peers, familiarity from different context, participation with projects, conducting 

research, and teaching experience) communication. Only three educators reported gaining 

knowledge on STICE through an educational class on STICE. That low number suggests that 

there may not be many support mechanisms available for chemistry educators to learn about 

STICE and how to implement STICE into their chemistry courses or educators are not 

interested in attending workshops.  

Educators’ responses of the aspects of STICE they want to learn about was consistent 

with educators perceived level of knowledge of STICE (Figure S2). To understand what is 

required to educate educators on STICE, we specially asked participants to identify aspects of 

STICE they would like to know more about and what resources and tools they would need to 

implement STICE (Figure S4). Aside from educators primarily wanting ways to effectively 

implement and integrate STICE into a course, and specific examples and applications of 

STICE being implemented and assessed by educators, educators want to learn other aspects 

of STICE. Specifically, educators also wanted to know how to engage in the essential 

characteristics and skills of STICE, including: how to highlight emergent behaviours, how 

behaviours change over time, examining the relationship between parts of a system and how 

those interconnections lead to cyclic system behaviors, and how to limit the boundaries of a 

system being taught. Other areas that surfaced during analysis included educators wanting to 

know the previous successes and failures of ST as well as evidence-based research and 

resources (e.g., long term impacts of ST on affective learning objective, how ST improves 

student outcomes, research proving ST is an effective approach, and a summary of theoretical 

frameworks on which ST is based). Communication networks (e.g., other instructors to talk to 

and learn from their experiences), and general resources (e.g., time, money, students, and 

freedom from administration) were two other resources participants indicated they would like 

to have but were reported less frequently. These findings can guide chemistry educator training 
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and workshops considering that there is a demand to create efficient, low-cost, hands-on 

workshops on STICE as most participants (69%) indicated they are interested and would 

attend workshops for various reasons (Table S6). Additionally, the results provide insight on 

the specific aspects of STICE and creation of STICE resources needed to educate educators on 

STICE so that they may be more willing to enact a STICE approach.  

 
Figure S25. Reported resources that educators would like to have to implement STICE. 

Here, we identified that efforts of change need to be placed on educators’ thinking of the 

educator change model. Chemistry educators at the center of embracing new instructional 

approaches need to be supported as they transition to new, unfamiliar approaches like ST.15 

Putting focus on the supports needed to educate chemistry educators on STICE will help 

eliminate the knowledge barrier for implementing STICE. 

 

 

 

Ways to implement 
and integrate STICE

Examples and 
applications of STICE 
being implemented

How to engage in 
characteristics and 

skills of STICE

Previous successes 
and failures of ST

Evidence – based 
research and 

resources

Communication 
network

General resources 
(e.g., time, money)

Accompanied with:
• Teaching and learning 

resources 
• Assessment tools and 

examples 
• Instructions on how to 

implement
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Table S4. Code book for educators' responses to their willingness to attend STICE 
workshops. 

Themes Categories Description Representative 
quotes 

Educator’s 
knowledge 
on STICE 
influences 
their 
willingness 
to attend 
STICE 
workshops 

Would attend 
workshops to learn 
more about STICE 
and how to 
implement 
effectively 

Educators’ mention: 
They would attend STICE 
workshops to learn more about 
ST and how it is implemented 
into courses. 
They would probably not attend 
the workshops as they prefer to 
read about STICE. 

“Yes - to learn more 
about it and how it is 
implemented.” 

Would rather read 
more to determine if 
willing to explore 

“Probably not. I would, 
however, read more 
about ST to determine 
if it is something I 
would be willing to 
explore further.” 

Educator’s 
affect 
influences 
their 
willingness 
to attend 
STICE 
workshops 

Educators are 
interested in new 
learning approaches 

Mentioned they would attend 
STICE workshops because they 
are interested in learning new 
approaches. 

“Yes - I am always 
interested in ways to 
improve my ability to 
teach, and I think in 
many ways it is our 
responsibility as 
educators to continue 
to learn ways to 
improve and ensure 
students get the most 
out of their courses” 

Educator’s 
beliefs 
influence 
their 
willingness 
to attend 
STICE 
workshops 

Believes workshops 
on STICE will help 
improve their 
teaching 

Educators’ mention they would 
attend workshops because: 
They help improve their 
teaching. 
ST would help students foster 
understanding and problem-
solving skills. 
Could provide structure across 
curriculum. 
ST is the latest technology and 
future of chemistry education. 

“Yes - my teaching 
always improves as a 
function of attending 
workshops.” 

 
“Yes. I think it can help 
provide structure 
across the curriculum.” 

 

Believes STICE will 
benefit students 
and is beneficially 
for the future of 
chemistry 

Contextual 
factors 
influence 
educators’ 
willingness 
to attend 
STICE 
workshops 

Concerned with 
time restriction, 
format of workshop, 
and cost 

Educators’ mention attending 
STICE workshops depends on: 
Time permitting. 
Format and length of 
workshops. 
Cost of workshop. 

“Depends in the format 
and length. It's 
interesting, but low on 
my priorities.” 
“If they were truly 
hands-on workshops, 
yes. I don't have time to 
sit through any 
lectures.” 
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8.1.5 Supplementary Theme 2: Educators report to have experience with STICE without 

knowing or specifically calling it ST 

Chemistry educators’ self-reported level of knowledge on STICE was shown to be 

consistent with their definitions on STICE. Due to participants’ low level of knowledge, it was 

not surprising that eighteen of these participants only indicated one characteristic of ST in 

their definition (Figure S5). Additionally, twelve participants related ST to a different teaching 

or learning approach and seven participants simply indicated ST is a learning and/or teaching 

tool; 47% of which did not include any characteristic of ST in their definition.  

Participants who incorporated more than one characteristic in their definition, primarily 

included: holistic approach, interconnections, applying chemistry to other contexts, and 

looking at variables that cause behaviours and outcomes (Figure S5). Five participants 

provided definitions that incorporated four or more characteristics of STICE; 60% included 

additional characteristics such as looking at behaviours that change overtime, identifying 

emergent effects of systems, and defining and working with boundaries of a system. 

 
Figure S5. Combina5ons of STICE characteris5cs represented in chemistry educators’ defini5ons of STICE. 
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8.1.6 Supplementary Theme 3: Some chemistry educators implement limited aspects of 

STICE when teaching chemistry in context 

More than half (66%) of the participants from this study reported they have implemented ST 

or some aspects of ST into the courses they taught (Figure 5). Educators who have 

implemented STICE, primarily implemented two characteristics of STICE in the course(s) they 

teach: identifying how knowledge of chemistry connects to social, technological, economic, and 

environmental systems at work in our world and recognizing a system as a whole, not just a 

collection of parts (Figure S6). This finding aligns with characteristics identified in educators’ 

definitions. 

 
Figure S6. Aspects of a STICE approach that educators with experience implement to their courses. 

STICE characteristics that involve aspects of systems behaviours (e.g., identifying 

variables that cause system behaviours and examine how system behaviours change over time) 

were implemented less in the course(s) educators teach. This observation may be associated 

with educators’ knowledge of STICE as sixteen participants had included some aspects of 

systems behaviours as part of their definition. Therefore, if more effort were targeted at 

educating educators on characteristics of ST that involve system behaviours, educators may be 

more equip and knowledgeable to implement these aspects into their course(s). 
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8.1.7 Supplementary Theme 4: Rating of barriers can guide priorities for educator and 

educational barriers 

8.1.7.1 Student barriers of STICE 

There was a range of perspectives for each individual barrier (Figure S7), as participants 

generally considered the following potential student barriers for STICE to have a slight to 

moderate extent (Table S7). Lack of experience using high level thinking skills needed for ST 

was perceived to have the largest extent of student barrier compared to the mean values of the 

other barriers listed. This finding suggests that high level thinking skills may not be practiced 

in chemistry courses; therefore, there is a larger learning gap required for students to engage in 

ST. Additionally, the learning gap required for students to engage in ST may be related to our 

previous finding that educators believe ST needs to be implemented at a specific level (generally 

higher-level courses) due to skill and knowledge levels of students. 

Figure S7. The extent of student barriers for STICE self-reported by chemistry educators. Circled values represent weighted 

averages of the extent of each barrier; these are approxima5ons as the data is categorical. 

Conflicting belief systems was shown to be the student barrier that participants were most 

unsure about. This suggests that these participants may not understand what conflicting belief 

systems means in the context of implementing STICE and aligns with the reported low ST 

knowledge of participants. However, out of all the student barriers, conflicting belief systems is 

observed to have the lowest extent of barrier for students engaging in STICE.  
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Table S7. Mean and standard deviation for perceived student barriers for STICE. Unsure 
responses have been removed for better understanding of categorical data. 

Student Barriers Mean Std. 
Deviation N 

Lack of experience using high level thinking skills 
needed for ST 3.06 0.935 50 

More time required to learn a new skill/approach 2.96 0.999 49 

Cognitive overload 2.96 0.698 46 

Systems complexity 2.93 0.939 45 

Difficulties of visualizing hidden dimensions 2.78 1.031 46 

Lack of motivation to learn a new skill/approach 2.43 1.099 49 

Students having conflicting belief systems 2.05 1.011 40 

8.1.7.2 Educator/Educational barriers of STICE 

Table S8. Mean and standard deviation for perceived educator and educational barriers 

for STICE. Unsure responses have been removed for better understanding of categorical 

data. 

Educator and Educational Barriers Mean Std. 
Deviation N 

Educators’ expertise on ST 3.16 1.149 50 

Limited time to teach ST skills to students 3.10 0.944 51 

Limited time to learn how to facilitate ST approaches 3.08 0.997 51 

Limited teaching resources presently 3.08 1.146 51 

Limited assessment tools 2.96 1.113 51 

Limited research-based evidence of success of STICE 2.57 1.109 46 

Limited flexibility within the curriculum 2.53 1.280 53 

Educators’ comfort level for adding ST to a course 2.41 1.039 49 

Teaching ST takes away from depth in chemistry 2.16 0.974 43 

Limited flexibility for implementing a new teaching 
approach 1.78 0.985 49 

Educators’ expertise in chemistry 1.44 0.848 48 

 
8.1.7.3 Kruskal Wallis tests of the three experience groups on the average extent of barrier 

To further investigate the extent of each barrier, Kruskal Wallis tests were conducted to evaluate 

differences among the three experience groups on the average extent of barrier. The results of 
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the analysis indicate there was a significant difference in the medians for two student barriers: 

system complexity (H(2) = 8.199, p = 0.017,	𝜂
𝐻

2
= 0.1476, large effect size) and more time to learn 

a new skill/approach (H(2) = 6.934, p = 0.031,	𝜂#$  = 0.1073, medium to large effect size) and two 

educator barriers: limited time to teach ST skills to students (H(2) = 7.504, p = 0.023,	𝜂#$ 	= 0.1147, 

medium to large effect size) and educators’ comfort level for implementing ST (H(2) = 6.511, p = 

0.039,	𝜂#$ 	= 0.0981, medium to large effect size) (Figure S8 and Figure S9). 

The effect size for each Kruskal Wallis test was computed using eta squared (𝜼𝑯𝟐 ) (Table 

S9).16,17 Effect sizes of 𝜼𝑯𝟐  are based on Cohen (1988) benchmarks to define small 

(𝜂2=0.01),	medium (𝜂2=0.06),	and large (𝜂2=0.14) effects.18  

Table S9. Kruskal Wallis test statistics and effect sizes for the four student, educator, 
and educational barriers based on educators' experience. 

 Test statistic 
(H) 

Asymptotic 
Sig. 

eta squared 
(𝜼𝑯𝟐 ) Effect size** 

Systems 
complexity 8.199 0.017* 0.1476 Large 

More time 
required to learn 
new 
skill/approach 

6.934 0.031* 0.1073 Medium – 
Large 

Limited time to 
teach as an 
educator 

7.504 0.023* 0.1147 Medium – 
Large 

Educators’ 
comfort level 6.511 0.039* 0.0981 Medium – 

Large 

*Significant at the 0.05 level  
**Effect size of 𝜂!based on Cohen (1988): small = 0.01; medium = 0.06; large = 0.14 
 

A post-hoc analysis was conducted to evaluate pairwise comparison among the three 

experience groups by controlling for Type I error across tests using Bonferroni correction (Table 

S10 and S11). This test showed that for system complexity as a barrier, there was a significant 

difference of the extent of barrier between participants who have implemented ST and 

participants who have not implemented ST as well as between participants who have 
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implemented some ST principles and participants who have not implemented ST. Additionally, 

for the student barrier, more time to learn a new skill/approach, there was a significant 

difference of the extent of barrier between participants who have implemented ST and 

participants who have not implemented ST. 

 

Figure S8. The extent of student barriers based on educators' experience with STICE: (lef) system complexity, (right) more 5me 

required to learn new skill. 

Table S10. Pairwise comparisons of experience groups for student barriers of STICE. 
Experience 
Groups 

System complexity More time required to learn new skill 
Test 

statistic 
Asymptotic 

Sig. 
Adjusted Sig.a Test 

statistic 
Asymptotic 

Sig. 
Adjusted 

Sig.a 

(1)-(2) 14.545 0.017 0.050 15.696 0.009 0.026 
(1)-(3) 10.423 0.013 0.038 6.368 0.151 0.454 
(2)-(3) 4.122 0.460 1.000 9.329 0.086 0.257 

 

(1) = I have not implemented STICE 
(2) = I have implemented STICE 
(3) = I have implemented some aspects of STICE 
Significance values adjusted by the Bonferroni correction for multiple tests 
The significance level is 0.050 
 

Additionally, for extent of the educator barrier, limited time to teach ST skills to students, had 

a significant difference between some of the experience groups. Specifically, differences were 

shown between (1) participants who have implemented ST and participants who have not 
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implemented ST and between (2) participants how have implemented some ST principles and 

participants who have not implemented ST. Likewise, educators’ comfort level for implementing 

ST showed a significant difference in the extent between participants who have implemented 

ST and participants who have not implemented ST. 

 

Figure S9. The extent of educator and educa5onal barriers based on educators’ experience with STICE: (lef) limited 5me to teach 

STICE, (right) educators’ comfort level with STICE. 

Table S11. Pairwise comparisons of experience groups for educator barriers of STICE 
Experience 
Groups 

Limited time to teach Educators’ comfort level 
Test 

statistic 
Asymptotic 

Sig. 
Adjusted 

Sig.a 
Test 

statistic 
Asymptotic 

Sig. 
Adjusted 

Sig.a 

(1)-(2) 16.681 0.008 0.025 15.338 0.011 0.033 
(1)-(3) 1.953 0.654 1.000 4.515 0.312 0.936 
(2)-(3) 14.728 0.014 0.041 10.822 0.052 0.156 

 

(1) = I have not implemented STICE 
(2) = I have implemented STICE 
(3) = I have implemented some aspects of STICE 
aSignificance values adjusted by the Bonferroni correction for multiple tests 
The significance level is 0.050 
 

Some of these barriers may initially be perceived to have a greater extent but when 

implementing the approach, educators may notice they are no longer a barrier. This is shown 

through a participant who has experience with STICE, as they state: 
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I've already done it, so none of these are a barrier (any longer). We use ST as a design 

principle rather than learning objective, so we're not devoting time to teaching the skill of 

ST. We spent a lot of time to develop learning resources and assessments, and how to 

adapt our curriculum to allow for ST approaches, so those were barriers at first. We're 

still figuring out how best to implement ST approaches efficiently and practically, are 

doing the research now. The flexibility / comfort level concerns were never an issue. 

8.1.8 Limitations 

There are several limitations on what we may conclude or imply given the study design 

and analysis procedures. First, there is a potential for social desirability bias within these 

results as some of the data is positively skewed.19 Therefore, future studies would need to be 

conducted to minimize bias by revising questions in the questionnaire and allow more 

opportunities for participants to express negative perspectives. 

While this study addressed general factors as outlined in the theoretical framework, 

future studies should investigate specific contextual factors (e.g., the level of student 

preparation, classroom environment, departmental expectations) to better understand how 

STICE can be integrated in institutions and within curricula. Additionally, we only were able to 

capture educators reported experiences of how they implement STICE. We were unable to 

identify if participants incorporate each aspect of STICE into their teaching. To identify how 

they actually teach STICE in their courses, recordings of their teaching or classroom 

observations would need to be conducted along with follow up interviews.  

Lastly, due to the limited number of participants as secondary school educators in our 

study, we were unable to investigate the difference between secondary and post-secondary 

educators’ perspectives about the barriers to implement STICE. 

8.1.9 STICE educator Perspectives Questionnaire 

Part 1 of Educator Questionnaire: Knowledge, Flexibility, Willingness, and Barriers 

1. How much flexibility do you have with implementing new teaching approaches of any kind? 

None (I am told which 

approach to use) 
Little Moderate A lot 

Complete (I can 

use any 

approach I want) 
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Please explain your response above. 

2.  How much do you know about systems thinking in chemistry education (STICE)? 

No knowledge Little knowledge 
Moderate 

knowledge 

A lot of 

knowledge 

Thorough 

knowledge 

If you have any knowledge of STICE, through what ways have you gained this knowledge? 

3. How do you define systems thinking in chemistry education (STICE)? Please feel free to guess if 
you are not sure. 

4. If provided with teaching resources on how to implement STICE, how likely would you integrate a 
ST approach into your course(s)? 

Not at all likely Not very likely Somewhat likely Very likely Certain 

Please explain your response above. 
5.  What student barriers exist for implementing systems thinking (ST) into your course? 

Unsure 
Not at all a 

barrier 

A slight 

barrier 

A moderate 

barrier 

A large 

barrier 

A complete 

barrier 

List any other potential student barriers. 

6. What educator/educational barriers exist for implementing systems thinking into your course? 

Unsure 
Not at all a 

barrier 

A slight 

barrier 

A moderate 

barrier 

A large 

barrier 

A complete 

barrier 

List any other potential educator/educational barriers. 

 

Part 2 of Educator Questionnaire: Educators’ experience with STICE 

From current literature, systems thinking in chemistry education has been defined as: 

An approach for examining and addressing complex behaviours and phenomena from a more holistic 

perspective. 

A chemistry learner/professional who engages in a systems thinking approach should: 

(1) Recognize a system as a whole, not just a collection of parts. 

(2) Examine the relationships between the parts of a system and how those interconnections lead to 

cyclic system behaviours. 

(3) Identify variables that cause system behaviours, including unique system-level emergent behaviours. 

(4) Examine how system behaviours change over time. 

(5) Identify how knowledge of chemistry connects to social, technological, economic, and 

environmental systems at work in our world (multidisciplinary) 

Note: Please do NOT change your definition from part 1 of the educator survey 
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Orgill, M.; York, S.; & MacKellar, J. J. Chem. Educ. 2019, 96 (12), 2720-2729. 

Mahaey, P. G.; Matlin, S. A.; Whalen, J. M.; Holme, T. A. J. Chem. Educ. 2019, 96 (12), 2730–2741.  

York, S.; Orgill, M. J. Chem. Educ. 2020, 97 (8), 2114-2129. 

Based on the definition of systems thinking above, please choose the category that best represents 

your experience with systems thinking in chemistry education (STICE) 

• Group 1: I have not implemented systems thinking in the course(s) I teach 
• Group 2: I have implemented systems thinking into the course(s) I teach 
• Group 3: I have implemented systems thinking principles into the course(s) I teach (some 

aspects of systems thinking) 

Questions for part 2 of questionnaire 
Group 

1 
Group 

2 
Group 

3 
1. Could you see yourself implementing ST in your course(s)? (All, some, 

or no courses) Please explain. X   

2. If you plan on implementing ST, how would you implement ST into 
your course(s)? X   

3. What aspects of systems thinking in chemistry education would you 
like to know more about? X X X 

4. What resources or tools would you like or need to have in order to be 
able to introduce and/or assess systems thinking in chemistry 
education into your course(s)? 

X X X 

5. Would you attend ST workshops on how to implement ST as an 
educator? Why or why not? X X X 

6.  Please describe how you have taught or are teaching chemistry with 
a ST approach (even if called something dieerent)? 

 X X 

7.  Approximately when did you start implementing systems thinking in 
chemistry education? (Please indicate the course if applicable) 

 X  

8.  In what ways is systems thinking being assessed (formative and/or 
summative) in that/those course(s)? 

 X X 

9.  What methods do you use to overcome some of the barriers you've 
encountered with systems thinking?  X  

10.  Do you create your own systems thinking resources or use existing 
ones? Please explain. 

 X  

11. Do you think it is important for educators to implement a ST approach to 
their courses? Why or why not? 

 X X 

12.  Which aspects of a systems thinking in chemistry education 
approach do you teach to your students? Check all that apply. 

• Recognize a system as a whole, not just a collection of parts. 
 X X 
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• Examine the relationships between the parts of a system and how 
those interconnections lead to cyclic system behaviours. 

• Identify variables that cause system behaviours, including unique 
system-level emergent behaviours. 

• Examine how system behaviours change over time. 
• Identify how knowledge of chemistry connects to social, 

technological, economic, and environmental systems at work in 
our world (multidisciplinary) 
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8.  Is there anything else you would like to add? 
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8.2 Appendix 2: Suppor<ng Informa<on for Chapter 3 

Supporting Information: Identifying chemistry students’ baseline systems 

thinking skills when constructing system maps for a topic on climate change  

Alisha R. Szozda1, Peter G. Mahaffy2, Alison B. Flynn1* 

1 Department of Chemistry and Biomolecular Sciences, 10 Marie Curie Pvt, Faculty of Science, 

University of Ottawa, Ottawa, Ontario, K1N 9A7, Canada  

2 Department of Chemistry and the King’s Centre for Visualization in Science, The King’s 

University, Edmonton, Alberta, T6B 2H3, Canada 

*E-mail: alison.flynn@uottawa.ca 

8.2.1 S1. Methods 

8.2.1.1 S1.1. Instrument and procedure for data collection 

The pre-test for this study consisted of cognitive and affective instrument and a ST 

question. The cognitive and affective instruments used for this study were the Attitude towards 

the Subject of Chemical Inventory version 2 (ASCI. v2)1 to assess attitudes towards chemistry 

and a Climate change awareness survey to assess student perceptions on climate change. 

These instruments were repeated to see how the learning experience influenced their affective 

domain and knowledge construction. Data from these instruments are being analyzed 

separately, with focus on affective domain effects of ST. The short response pre-test ST 

question was designed to assess participants’ prior knowledge on ST. 

The following information below describes additional details related to the three ST tasks. 

For task 1, we used prompts on a google form to provide opportunities for students to 

demonstrate ST skills related to system as a whole, interconnections, and boundaries. The 

questions in the google form for task 1 asked participants to describe and explain how their 

system would change when removing a concept from their system. These questions were 

prompted to identify if and how students demonstrated skills related to the essential 

characteristic, behaviors over time. 

mailto:alison.flynn@uottawa.ca
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To avoid the use of ST terminology, we asked participants to create a visual representation 

instead of calling it a system. Most systems produced by participants were in the form of a 

concept map. 

For task 2, we asked participants to screen record to identify how they navigated through 

the simulation and identify concepts added to their systems. 

Lastly, task 3 used recording devices integrated in Zoom to capture participants’ 

experiences, and interactions with other participants in the study. We asked participants to 

identify similarities and differences between their systems to prompt participants to identify 

emergent behaviors.  

8.2.1.2 S1.2. Context and Setting 

While data was collected for both undergraduate and graduate students, we focused this 

study on the undergraduate student data, in order to have well-focused research questions and 

deeply share the rich findings. With separate research questions, we are currently analyzing 

the graduate student data. 

Each iteration of the intervention allowed up to eight students to participate and was 

conducted via Zoom, a video conferencing software that allows one or more parties to meet 

virtually.  

Seventeen students completed a demographic survey where nine declared they were in the 

first year in their undergraduate degree, seven declared second year, and one declared third 

year of their studies. 

The most represented declared majors amongst recruited students include Biomedical 

Science, Biopharmaceutical Science, Health Science, and Biochemistry. Other majors included 

Chemistry, Human Kinetics, Biotechnology, and Biology.  

8.2.1.3 S1.3. Theoretical Framework 

Information Processing Theory. This theory guided our research by understanding 

how learners can use their prior knowledge in a particular learning environment (e.g., ST 

intervention) to determine what parts will be embedded in their systems and what parts are not 
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(e.g., components, relationships, organization, granularity, system behaviors). The first task 

required learners to use their prior knowledge to construct a system map. The second task 

allowed new information to be presented to the learner in a meaningful manner by linking new 

concepts to the learners’ prior knowledge to potentially expand their system map. The third 

task altered the learning environment (i.e., collaborative setting) to allow learners to link new 

concepts in a different way.  

Information processing begins when information (e.g., visual, auditory) enters through 

sensory registers.2 Information that is perceived useful will enter working memory (WM), the 

rest will be discarded. WM is a temporary storage space that holds a limited amount of 

information for a few seconds to minutes. Information in WM can be retained through 

rehearsal and linked with already stored information in long-term memory (LTM). This 

information can be encoded (i.e., converting information into a form that is usable in the 

brain’s storage system) into LTM, which can be influenced by, elaboration, organization, and 

link with existing knowledge structures.2 Unlike WM, LTM is a memory storage that has the 

capacity to hold information for longer periods (e.g., days, months, and years). When learners 

transfer new information from WM to LTM, the learner must choose to integrate the new 

information by perceiving it as meaningful and linking it to their prior knowledge.4–6 Doing so, 

the learner is actively constructing their own knowledge.7–9 Therefore, to help learners connect 

new knowledge with existing knowledge and integrate the new knowledge in LTM is to present 

the information in a meaningful way and identify and engage with learners’ prior knowledge. 

Concept mapping. The two most investigated scoring methods for concept mapping are 

structural and relational. The structural method assigns weighted scores based on the concept 

map’s hierarchical structure, concept-links, and cross-links.10 The hierarchical structure of a 

concept organizes concepts with the most general concepts (e.g., animals) at the top of the map 

and more specific concepts (e.g., dogs) and examples (e.g., cockapoo) arranged hierarchically 

below. Concept-links are the relationships between concepts in the map, accompanied by 

linking words or phrases. Cross-links are the long connections between concepts in different 

domains or paths of the concept map. Cross-links help us understand how different domains of 
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knowledge are related to one another. On the other hand, the relational method focuses more 

on the quality of the links in a concept map, without drawing importance on the structure of 

the map.10 Since we were only interested in investigating skills students could demonstrate, we 

did not use the relational scoring method as we were not interested in determining the 

correctness of links. Considering we conducted a qualitative study, we chose not to use 

weighted scores for scoring concept maps. Instead, we counted the number of occurrences of 

the aspects present in each concept map. 

8.2.1.4 S1.4. Analytical Framework 

Granularity. Granularity has been used in prior theoretical work related to chemistry 

students’ reasoning11–14 and has been identified as a key aspect of systems thinking.15–17 

Researchers have identified that complex systems are characterized by distinct, interdependent 

levels of organization (granularity) and systems thinkers need to develop a sense of, and an 

ability to think between these levels in a system.15,18,19 Thinking between levels can be 

exemplified by looking at how a change in behavior of a concept at one level of organization 

(i.e., macroscopic) could lead to changes to a concept at a different level of organization (i.e., 

submicroscopic).15 

Environmental and Sustainability triangular model. Researchers have indicated that 

systems thinkers need to understand how the system of focus may affect or be affected by 

other contextual factors and how the system may be a component of a larger system.15 

Considering how human action and policies affect a system, engaging with these skills could 

prepare citizens to understand the ethical dimensions of human activity and how changes to 

ethical action can address complex global problems.15,18,20,21 This model is one way to look at 

the types of connections participants make in their system maps.   

The model highlights crucial aspects of environmental and sustainability issues, which 

include the individual, nature, and societal contexts as well as their inter-woven relationships. 

We coded a connection as “Individual” when students related human beings (as individual and 

social being) being confronted with environmental issues. We coded a connection as “Nature” 

when students made connections related to nature (e.g., climate change). We coded a 
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connection as “Society” when students mentioned norms and values about the social, 

economic, political organizations, and their conceptions of justice and democracy. In addition 

to the individual contexts in the model, connections can also incorporate two contexts. The 

nature and society context includes participants conceptions about both societal effects on 

nature and nature’s effect on society. The individual and society context focuses on how 

individuals are influenced by societal norms and how the formation of societal norms is 

affected by people. The individual and nature context includes the participant’s conceptions of 

attitudes and behaviors that affect nature. The society and chemistry context includes 

participants’ conceptions of how social, economic, or political organizations or functions 

influence chemistry and/or how chemistry influences these organizations or functions. The 

nature and chemistry context includes participants’ conceptions of how climate change 

concepts and processes influence chemistry and/or how chemistry influences climate change. 

The individual and chemistry context includes participants’ conceptions of how human 

action influences chemistry and/or how chemistry influences humans. 

This model has previously been used in environmental education research to investigate 

students’ solutions to the challenge of balancing economic development with climate change 

mitigation, focusing on societal responses to the climate change issue.22 Semi-structured pre- 

and post-interviews were conducted with 12 students to compare students’ decision making 

before and after being provided with different perspectives and information. In the interviews, 

the students were tasked with deciding whether a car factory should be set up near a village 

with a coal mine. The dilemma between developing the economy and mitigating climate change 

was indicated. In the pre-interviews, students decided to set up the car factory because they 

believed economic development and social welfare were most important. The analysis 

uncovered that students: (1) tended to argue that changing people’s old-fashioned notions is 

important (individual coded), (2) argued that damage to nature is a necessary step in 

sustaining economic growth and prosperity (nature coded), and (3) argued for economic 

development through the car factory. However, in the post-interviews, students decided not to 

set up the factory due to the challenges of setting up and running a business. The students 
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focused more on the societal aspect, discussing challenges of getting money, transporting, and 

selling cars, and proposing alternative business ideas to develop the economy. We used the 

model in a similar fashion by analyzing students' reasoning and the types of connections they 

made related to climate change. However, we did not provide a decision-making prompt in the 

ST intervention which led to a wide range of connections to these contexts. The relatively broad 

description for each code as defined in environmental education study allowed us to use this 

model in our study. 

8.2.1.5 S1.5. Validity evidence 

We addressed the validity of the findings using well-established methods such as, 

content validation, triangulation, disconfirming evidence, and peer debriefing.23,24 Content 

validity was performed before data collection to assess the quality of responses to questions 

and activities in the ST intervention. Here, two experts who research STICE engaged in the ST 

intervention and provided comments to improve the questions in the ST tasks. Additionally, a 

pilot of the ST invention was conducted with four chemistry graduate students and two 

undergraduate chemistry students as these students represented the appropriate group of 

participants for this study. All comments and feedback were acknowledged and changes to 

items were made accordingly. 

Triangulation was another method used prior to data collection. This validity procedure 

involved us converging multiple and different sources of information to form themes in a 

study.22 We incorporated triangulation into the design of our study by using multiple and 

different methods to collect evidence on how students demonstrate ST skills (e.g., 

visualizations, google form, audio, and screen recordings). Validity evidence of the findings was 

established by relying on multiple forms of evidence instead of a single data point in the 

study.23   

In addition to collecting validity evidence during the design of our study, we also used 

methods throughout data analysis to maximize the trustworthiness of our findings. 

Disconfirming evidence is one method we used that involves searching through the data for 

evidence that disconfirms preliminary themes. Initially, we found preliminary themes about 
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what skills chemistry students could naturally demonstrate. However, when looking back at 

the data, we realized the data was not fully encapsulated in these themes. Therefore, we 

further investigated the skills to identify what aspects of the skills students did not 

demonstrate. Hence, our second research question was developed. 

 Peer-debriefing was used throughout the duration of the study. Regular sessions 

between the researchers and members of the Flynn Research Group allowed in-depth questions 

to be asked about the methods and interpretations and helped to address any assumptions 

and/or biases present in the analysis. This process maximized the credibility of the results. 24  

Lastly, we provided the ST intervention and data analysis procedures clearly in the SI. This 

approach was similar to an audit trail requiring the lens of individuals external to the project to 

establish credibility.23 

8.2.1.6 S1.6. Assembly of data for system maps 

To ensure we did not miss any information on how participants demonstrated ST skills, 

we assembled the responses from the Google form and transcribed audio scripts onto 

participants system maps to visualize all possible connections made by participants. All the 

concepts and connections present in participants system maps were transferred to Microsoft 

Excel for further analysis of ST skills. Figure S1 represents a participants system map at the 

end of the ST intervention before data assembly. Before adding additional data to the system 

maps, the first author made the visualization of concepts and connections amongst system 

maps consistent to prepare for data analysis. Consistency was achieved by (1) adding red 

arrows between two different concepts that were implicitly present and/or (2) breaking down 

sentences present in system maps to identify all concepts and connections involved. For 

example, Figure S1 shows an implicit connection between farmland and potential forest made 

by participant 12; therefore, a red arrow was added between these concepts to make the 

connection visible for data analysis. Additionally, the sticky note containing “crops for humans 

and animals” is example of a term that was broken down into three concepts associated with 

connecting arrows. Next, the participants system maps were expanded to include concepts and 

connections from google form responses (blue text and arrows) and verbal explanations of 
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system map from task 3 (purple text and arrows) (Figure S2). Figure S3 shows google form 

responses and transcribed audio recording data produced by participant 12. Bolded text in 

Figure S3 represents new concepts and connections that were added to the participants system 

map. 

 

Figure S1. Original example of par5cipants’ (P12) system map from the ST interven5on before assembly of data. 
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Figure S2. Par5cipants’ (P12) system map expanded based on assembly of data from google form responses and transcribed 

audio scripts. The blue, red, and purple text and arrows represent addi5onal concepts, connec5ons, and/or proposi5ons from 

mul5ple sources of data. Blue represents data from google form responses. Purple represents data from verbal explana5ons of 

system maps. Red represents the researcher expanding par5cipants’ connec5ons from their original system map. 
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Figure S3. Par5cipants’ (P12) data from google form responses and transcribed audio recording. 

8.2.1.7 S1.7. Development of systems thinking skills for analysis 

The following ST skills are grouped by main characteristics and sorted based on being 

more analytical or more holistic in nature. The 15 STICE skills proposed by Orgill and York 

were compared to other ST skills found by other literature sources from several different 

disciplines. Critiques were made to these fifteen skills based on what was found in the 
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literature (Table S1). The STICE skills were revised, creating a total of twenty skills (Table S2). 

When figuring out how to assess these skills, we made the decision to remove nine of these 

twenty skills from the analysis based on various reasons as described in Table S3. 

Table S1. Cri5ques made to STICE skills proposed by Orgill and York based on ST literature. 

Original STICE skills proposed by Orgill and York Our critique on the skill based on 
ST literature 

Recognize a system as a 
whole, not just as a 
collection of parts 

  

Examine a system as a 
unified whole (More holistic) 

There are two components to this 
skill: 
-  Able to see and think big 
picture20,25–30 
-  Identify the purpose of the 
system26,31,32 

Examine the organization of 
components within the 
system 

From literature search, 
organization was looked at in two 
dimensions 
-  Identify and explain various 
levels of organization in a 
system31–39  (hierarchy/granularity 
– systems consist of partial 
systems categorized at diff levels of 
organization) 
-  Thinking back and forth between 
different levels of organization in a 
system34,39–42 

Identify the individual 
components and processes 
within a system (More 
analytical) 

No comments 

Examine the 
relationships between the 
parts of a system and 
how those 
interconnections lead to 
cyclic system behaviors 

  

Identify the ways in which 
components of a system are 
connected (More analytical) 

-  This skill potentially lacks the 
key component of causality or 
effects of the connection 
-  Could look at both the causal 
and correlational relationships 
among system components41 

Examine positive and 
negative feedback loops 
within a system 

-  A dimension to this is just 
having feedback loops in system 
Ex: identify dynamic relationships 
within the system, including 
feedback loops35,36,38,41,43,44 

Identify and explain the 
causes of cyclic behaviors 
within a system (More 
holistic) 

Possible to have cyclic 
relationships with20,45 and without 
cause28,42 
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Identify variables that 
cause system behaviors, 
including unique system-
level emergent behaviors 

  

Identify the multiple 
variables that influence a 
given system level behavior; 
consider the potential 
effects of stochastic and 
“hidden” processes on the 
system-level behavior 
(More analytical) 

Potentially break into two skills 
- Identify the multiple 

variables that influence a 
given system level 
behavior20,45 

- consider the potential 
effects of stochastic and 
“hidden” processes on the 
system-level behavior26,42 

Examine the relative, 
potentially nonlinear, 
effects that multiple 
identified variables have on 
a given system-level 
behavior 

No comments 

Identify, examine, and 
explain (to the extent 
possible) emergent system-
level behaviors (More 
holistic) 

No comments 

Examine how system 
behaviors change over 
time 

  

Identify system-level 
behaviors that change over 
time 
(More analytical) 

-  Need to determine difference 
between system-level and non-
system level behaviors  
-  Terminology can be simplified to 
using “system” instead of “system-
level behaviors" 20,41,42,45,46 

  
Describe how a given 
system-level behavior 
changes over time 

Use system-level behavior-
over-time trends under one 
set of conditions to make 
predictions about system-
level behavior-over-time 
trends under another set of 
conditions (More holistic) 

Identify interactions 
between a system and its 
environment, including 
the human components 
of the environment 

  

Identify and describe 
system boundaries 
(More analytical) 

Another component to this skill is 
creating boundaries41,45,46 
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Consider possible effects of 
a system’s environment on 
the system’s behaviors; 
consider how the system 
under study might be a 
component of and 
contribute to the behaviors 
of a larger system 

Potentially break into two skills 
- Consider possible effects of 

a system’s environment on 
the system’s behaviors35 

- consider how the system 
under study might be a 
component of and 
contribute to the behaviors 
of a larger system45,47 

Consider the role of human 
action on current and 
future system-level behavior 
(More holistic) 

- May not need to be separated 
(human vs other) as part of 
boundaries 
-  Skill may be more about making 
comparisons to other contexts/ 
describing a system from a 
different perspective25,26,28–

30,36,38,42,48 
 

Table S2. Revisions made to STICE skills based on cri5ques. 

Original STICE skills proposed by Orgill and 
York 

Our modifications made to ST skills 

Examine a system as a unified whole 
(More holistic) 

Examine a system as a unified whole 

Identify the purpose of the system 

Examine the organization of components 
within the system 

Identify various levels of organization in a 
system  

Organize components and place them within 
a framework of relationships 

Think back and forth between different levels 
of organization in a system 

Identify the individual components and 
processes within a system 

(More analytical) 

No revisions made 

Identify the ways in which components of a 
system are connected (More analytical) 

No revisions made  

Examine positive and negative feedback 
loops within a system 

No revisions made  

Identify and explain the causes of cyclic 
behaviors within a system (More holistic) 

No revisions made  

Identify the multiple variables that influence 
a given system level behavior; consider the 

Identify the multiple variables that influence a 
given behavior on a system 
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potential effects of stochastic and “hidden” 
processes on the system-level behavior 
(More analytical) 

Consider the potential effects of stochastic 
and “hidden” processes on the behavior of a 
system 

Examine the relative, potentially nonlinear, 
effects that multiple identified variables have 
on a given system-level behavior 

No revisions made  

Identify, examine, and explain (to the extent 
possible) emergent system-level behaviors 
(More holistic) 

No revisions made  

Identify system-level behaviors that change 
over time (More analytical) 

Identify behaviors that change over time  

Describe how a given system-level behavior 
changes over time 

Explain and predict how a system has 
changed and will change over time  

Use system-level behavior-over-time trends 
under one set of conditions to make 
predictions about system-level behavior-
over-time trends under another set of 
conditions (More holistic) 

Use behavior-over-time trends under one set 
of conditions to make predictions about 
behavior-over-time trends under another set 
of conditions  

Identify and describe system boundaries 
(More analytical) 

Identify, describe, and create system 
boundaries  

Consider possible effects of a system’s 
environment on the system’s behaviors; 
consider how the system under study might 
be a component of and contribute to the 
behaviors of a larger system 

Consider possible effects of a system’s 
environment on the system’s behaviors 

Consider how the system under study might 
be a component of and contribute to the 
behaviors of a larger system 

Consider the role of human action on 
current and future system-level behaviors 
(More holistic) 

No revisions made  

 

Table S3. ST skills not used in analysis of this study along with reasons for decision to exclude skill. 

ST skills not used in analysis Reasons why ST skill not used in analysis 

Examine a system as a unified whole We were not sure how to assess this skill. 

Identify the purpose of the system In this study we did not ask participants to 
define the purpose of their system map. 
Therefore, we cannot draw any conclusions on 
what we think the purpose of their system 
maps may be. 
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Examine positive and negative feedback 
loops within a system 

This skill is embedded in the following skill, 
“identify the ways in which components of a 
system are connected”; therefore, we believed 
we did not need to assess individually. 

Identify and explain the causes of cyclic 
behaviors within a system 

We did not ask participants to identify or 
explain causes in their system maps  

Consider the potential effects of stochastic 
and “hidden” processes on the system-level 
behavior 

This skill requires a question to be asked to 
identify and consider the effects of hidden 
processes in a system map. The use of this 
terminology was beyond the scope of our 
study. 

Identify the multiple variables that influence 
a given system level behavior 

This skill requires a question for participants 
to identify the variables in their system map 
and further ask how those variables influence 
a behavior in their system map. The use of 
this terminology was beyond the scope of our 
study. 

Examine the relative, potentially nonlinear, 
effects that multiple identified variables have 
on a given system-level behavior 

This skill is an extension to the skill above. 
The skill requires a question for participants 
to identify the nonlinear effects of their 
identified variables in their system map. The 
use of this terminology was beyond the scope 
of our study. 

Identify, describe, and create system 
boundaries  

This skill requires a question to be asked to 
identify, describe, and create system 
boundaries in a system map. The use of this 
terminology was beyond the scope of our 
study. 

Consider possible effects of a system’s 
environment on the system’s behaviors 

This skill requires a question to be asked to 
consider the effects of a system’s 
environment. The use of this terminology was 
beyond the scope of our study.  

 

8.2.1.8 S1.8. Scoring method for ST skills  

Table S4. Overview of systems thinking skills linked to how sec5ons describing how they are assessed. 

Systems Thinking Skill Alignment with parts in the scoring 
method 

Identify the individual components and 
processes within a system 

Part 1: Concepts 

Identify various levels of organization in a 
system 

Part 2: Granularity  

Organize components and place them within 
a framework of relationships 

Part 3: Junctions  

Think back and forth between different levels 
of organization in a system 

Part 6: Back and forth Thinking  
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Identify the ways in which components of a 
system are connected 

Part 4: Inward and Outward connections 
Part 5: Simple connections 
Part 7: Types of connections – indirect, 
moderated, and circular 
Part 15: Modes of Reasoning 

Identify behaviors that change over time Part 8: Behaviors that change over time 
Explain and predict how a system has 
changed and will change over time 

Part 9: Predict and explain how a system 
has/will change over time 
Part 15: Modes of Reasoning 

Use behavior-over-time trends under one set 
of conditions to make predictions about 
behavior-over-time trends under another set 
of conditions 

Part 10: Behavior-over-time trends 

Identify, examine, and explain (to the extent 
possible) emergent system-level behaviors 

Part 11: Emergent behaviors 

Consider the role of human actions on 
current and future system-level behaviors 

Part 12: Impact of human actions 

Consider how the system under study might 
be a component of and contribute to the 
behaviors of a larger system 

Part 13: Component of a larger system 
Part 14: Connections to different contexts 

Part 1: Concepts  

• All concepts (components and/or processes) were listed and counted from participants 
systems before and after the climate simulation 

• A concept can be any word or phrase that is connected by lines or arrows 
 

Part 2: Granularity 

• All concepts listed were assigned a level of granularity 
 
Table S5. Coding scheme for levels of granularity. 

Level  Coding term Description Examples 
Phenomena/ 
Global 

P Something that can be observed 
and exists or happens globally  

 

Climate change, efficiency, 
global temperature, 
renewable 

Application 
and 
examples 

A Applications or examples of 
phenomena 

 

Modes of transportation, 
fuel, fertilizer, coal 

Chemical 
application 
and 
examples 

CA Applications or examples of 
phenomena that is chemistry 
related 

 

CO2 emissions, GHG 
molecules in atmosphere 

 

Chemical 
processes 
and 
properties 

CP Characteristics or behaviors of a 
chemical/substance that may be 
observed or chemical processes 
that chemicals may undergo 

exothermic process, heat, 
atmospheric pressure, 
gene modification 

Molecular M Things related to individual 
compounds or chemical 
examples 

CO2, CH4 
 

Atomic At Things related to an atom or 
atoms and examples 

hydrogen, calcium, 
breaking of bonds 
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Subatomic s Things that are smaller than or 
occurring with an atom 

electrons, charges, 
radioactive particles 

 

Part 3: Junc>ons 

• For each concept in participants systems (before and after the simulation), Y was coded 
if the concept had a junction, and N was coded if the concept did not have a junction 

• All Y codes were counted before and after the simulation for analysis 

Table S6. Criteria for determining junc5ons. 

Junction A concept is connected to at least 3 other concepts in any way (for example, it 
does not matter if there are linking words or not to these other concepts, the 
direction of arrows does not matter at this point) 

No 
junction 

A concept that is connected to two or less concepts 

 

Part 4: Inward and Outward connec>ons 

• For each concept in participants systems (before and after the simulation), Y was coded 
if the concept had an inward and/or outward connections and N was coded if the 
concept did not have one of these connections 

• All Y codes were counted for inward and outward connections before and after the 
simulation for analysis 
 

Table S7. Criteria for determining inward and outward connec5ons. 

Inward 
connection 
 

 

A concept that has two or more arrows pointing towards that 
concept. Note: The arrow does not need to contain a linking 
word that relates the two concepts, but the connections must 
include arrows not lines. 

Outward 
connections 

 

A concept that has two or more arrows pointing away from that 
concept. Note: The arrow does not need to contain a linking 
word that relates the two concepts, but the connections must 
include arrows not lines. 

 

Part 5: Simple connec>ons 

• All simple connections were listed from participants systems before and after the 
climate simulation 

• A simple connection was defined as a one line connecting two concepts 
 

Ex. [concept 1] —- linking words —- [concept 2] 

[Fuel for vehicles] undergoes [combustion in the car engine] 

• Connections were separated into two categories – propositions (includes linking words) 
and no propositions (only a line) 
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• All connections with and without connections were counted before and after the 
simulation 
 

Table S8. Criteria for determining rela5onships with and without proposi5ons. 

Relationship 
with 
proposition 

A relationship with a proposition is a 
connection ONLY between two concepts that 
have a linking word or phrase accompanied by 
an arrow. 

Example: CO2 is one factor 
responsible for climate 
change 
 
Note: Concepts are bolded, 
linking words are not bolded 

Relationship 
without 
proposition 

A relationship with a proposition is a 
connection ONLY between two concepts that 
DO NOT have a linking word or phrase. An 
arrow is only present between two concepts. 

Example: Better energy 
sources —> efficiency 

 

Part 6: Back and forth Thinking 

• For each simple connection present in the participants system (before and after 
simulation), each concept in the connection was coded for a level of granularity  

• The code for each connection includes the level of granularity for the first concept, a 
dash representing the connection, and the level of granularity for the second concept 

• All connections were counted in terms of the levels of granularity 
 

Table S9. Coding scheme for determining levels of granularity within simple connec5ons for connec5ons with and without 

proposi5ons. 

Simple connections Example Code 
With proposition Electricity leaves the smallest 

carbon footprint 
P – CA 

Without proposition Gas → CO2 A - M 

Part 7: Types of connec>ons – indirect, moderated, and circular 

• All indirect connections, moderated connections, and circular loops from participants 
systems before and after the simulation were identified and counted (see definitions and 
examples in Table S10 
 Table S10. Criteria for determining indirect, moderated, and circular connections. 

Table S10. Criteria for determining indirect, moderated, and circular connec5ons. 

Indirect 
connection 

 Concepts are only connected to one another in a linear 
route. 

Moderated 
connection 

 

Concepts are connected by multiple branches, but the 
branches are closed by linking back to another concept. 
There is only one concept as the end point in the 
connection. 
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Circular 
loop 

 

Concepts are connected in a circular route. 

 

• Any of these types of connections may include a combination of simple connections in 
Part 5 with or without propositions (linking words) 

• When looking these types of connections, the concepts MUST be connected by a one 
headed ARROW - not a single line 

• Connections within other connections can be counted 

 
 

Figure S4. An example of a linear connec5on (A → D → F) may be part of a closed branching connec5on (A → B → C, D → E). 

 

Figure S5. An example of a circular loop (D → E → F → D) may be inside a closed branching connec5on (A→ B→ C, (D → E) → F). 

• The connections shown in Table S10 are not limited to the length of that type of 
connection 

o Ex: a linear connection could be 5 concepts long (A→ B→ C→ D→ E) exemplified 
in Table S11 

Table S11. Varia5ons for types of connec5ons along with nota5on used for coding. 

Indirect 
connection 

A→ B→ C→ D 

 

A→ B→ C→D→ E

 

A→ B→ C→ D→ E→ F
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Moderated 
connection  

A→ B, C → D

 

A→ B→ C, D → E

 

A→ B→ C, (D → E) → F

 

Circular 
connection 

A→ B→ C→ D→ A

 

A→ B→ C→ D→ E→ A

 

A→ B→ C→ D→ E→ F→ A

 

 
• Moderated connections have the most complex notation 

o a comma is used to indicate the last two concepts that are connected to the last 
concept (arrows are pointing inward to) 

o brackets are used in connections bigger than 5 concepts where the brackets are 
placed around the part of the connection that feeds from the first concept in the 
other direction  

 

Figure S6. Incorrect examples of moderated connec5ons where there are two concepts as end points. 
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Figure S7. Example of a par5cipants' (P1) system map. 

Examples of connections in P1 system map: 

Indirect connection: Increase in global population→CO2 emissions in the atmosphere → coal 

power 

Moderated connection: Increase in global population → transportation, greenhouse gas 

molecules in the atmosphere → global temperature 

Circular connection: coal power → CO2 emissions in the atmosphere → greenhouse gas 

molecules in the atmosphere → global temperatures → coal power 

Part 8: Behaviors that change over >me 

• Looked at all data for statements or connections that describe interactions that take 
place in the future (prediction) or have taken place in the past (retrospection) 

• Participants did not need to have “over time” present in statements or connections 
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Table S12. Examples of statements or connec5ons made by par5cipants that iden5fy behaviors that change over 5me. 

Participant Example 

P3 -after simulation “Better understanding the way that carbon dioxide behaves on 
the molecular level is also very important in understanding what 
changes need to be made to revert the damages that have been 
done before they are irreversible.” 

P5 – before simulation “Pesticides have been developed over the years to maximize crop 
yield.” 

P10 – after simulation “Higher population in 2050 leads to greater demand for crude 
oil.” 

P13 – after simulation “Land use and agriculture are estimated to have contributed 23% 
to global anthropogenic greenhouse gas emissions from 2007-
2016.” 

Part 9: Predict and explain how a system has/will change over >me 

• Assessed in two parts, (1) how students predict system has changed and (2) how 
students explain system has changed 

• We developed three codes for how a student could predict a system has changed. 
• No prediction was coded when no answer was provided or some indication that they did 

not know what to predict 
• Partial change was coded when the answer included some concepts and connections 

being changed while other concepts and connections were unchanged. 
• Holistic change was coded when the answer included that all concepts and connections 

would change 
 

Table S13. Coding scheme with examples for how par5cipants make predic5ons to how their system changes over 5me. 

Participant Code Example 

P15 No prediction “I cannot think of anything that can 
replace the materials.” 

P5  Predicting system partially 
changed 

“It would remove some ideas or topics 
that are helpful in getting a better 
understanding of the topic.” 

P12 Predicting system holistically 
changed 

“It would almost completely dismantle 
the connections between everything, 
because food is central to agriculture.” 

 

Table S14. Coding scheme with examples for how par5cipants explain how their system changes over 5me. 

Participant Code Example Explanation for code 

P3  Descriptive “It would remove most of the 
web because cars are the first 
thing that comes to my mind 
when thinking about 
transportation optimization.” 
“Most people use cars to get 
from place to place. I feel like 
this is the least niche idea when 

The explanation 
incorporates descriptive 
properties about the 
concept being explained.  
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it comes to transportation 
optimization.” 

P9 Relational  “Removing the emissions will 
mean that we have a better 
climate in the first place, and 
we won’t be able to contact 
global trade...etc.” 

The links between 
emissions, climate and 
global trade are NOT 
explained. 

P6 Linear Causal “Without the second idea, there 
would be no concepts to 
compare public transport and 
cars/vehicles. For example, 
cars/vehicles emit greater CO2 
in the atmosphere which raises 
global temperature having a 
greater influence on climate 
change.” 

Cars/vehicles are invoked 
to explain the cause-and-
effect relationship been 
individual transportation 
and climate change - 
relationship is explained. 

 
Part 10: Behavior-over->me trends 

• Looked for responses and connections that included a condition for one concept (e.g., 
increasing, decreasing) a describing the influence it has for the behavior of another 
concept (e.g., increasing, decreasing) 

• Responses or connections did not need to explicitly mention “over time” 
 

Table S15. Examples of responses and connec5ons that describe behavior over 5me trends. 

Participant Example 

P1 -after simulation “Increase in global population results in increased CO2 
emissions in the atmosphere.”  
 
“CO2 emissions decrease as the percentage of coal power 
approaches zero.” 

P10 – before simulation “The degradation of the ozone layer leads to the gradual 
increase in global temperature as more and more UV 
radiation gets past the ozone layer.” 

P14 – after simulation “Increase forest protection by 50% needs a reforestation rate 
of 300 thousand km2/year will help reduce the CO2 in 
atmosphere.” 

P17 – before simulation “Reduce the CO2 emissions can ultimately reduce the 
depletion of ozone layer.” 

 

Part 11: Emergent behaviors 

• Participants’ ability to identify emergence was assessed based on their individual 
responses to the following question, “Identify any similarities and differences between 
each visual representation.” in task 3 of the ST intervention 

• If participants indicated a greater property or behavior of their systems considered 
together, then their response was coded as emergence identified 

• If participants did not indicate a greater property or behavior of their systems 
considered together, then their response was coded as emergence not identified 

• Two participants did not provide any response to this question 
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Table S16. Coding scheme with examples for iden5fying emergence. 

Participant Code Example Explanation for code 

P5 Emergence 
identified 

“In terms of the transportation 
subject, had very similar points. 
Workspace 8 had more to do 
with researching new ways 
while mine was more about 
implementing existing ways that 
are more efficient. We were able 
to relate agriculture and land 
use to our topic through the 
transport of goods efficiently 
and being conscious of the 
environment.” 

Identified bigger property 
(i.e., transport of goods 
efficiently and being 
conscious of the 
environment) by emerging 
both topics - 
transportation and 
agriculture. 

P7 Emergence 
not identified 

“The visual are similar in a tree 
branching out form, along with 
idea that can be grouped 
together in a hierarchy.” 

Explained the similarity of 
the structure of their 
systems not the content 
of their systems. 

P1 “Similarities: As population 
increases, there will be an 
increase in demand. More 
shipping (boats and trucks) 
increasing carbon dioxide 
emissions. Differences: I 
focused more on transportation 
while she focused more on 
materials.” 

Participant only focuses 
on components of both 
systems. 

 

Part 12: Impact of human ac>ons  

• Here, we looked for connections participants made that describe how human action 
influences their system 

• We considered connections from verbal and written (e.g., systems on Miro or google 
form) responses 
 

Table S17. Examples of responses and connec5ons that describe human ac5on influencing aspects of par5cipants’ systems. 

Participant Example 

P2 -after simulation “Planet will reach a point where it is unable to produce a 
sufficient amount of material as a result humans may resort 
to producing artificial materials using chemistry in hopes to 
recreate what is found in the natural world.” 

P4 – before simulation “So, I just said that, in the branch of electric cars, we could 
focus on optimizing manufacturing, we could focus on 
creating more fuel-efficient batteries, and that'll have like, 
give opportunities for engineering and research careers. For 
gas powered cars. I was thinking that like most we could do 
is either optimize manufacturing, or optimize the fuel 
efficiency, which is already pretty good.” 

P9 – after simulation “It triggers the mind to want to think about a solution to this 
heartbreaking reality, it’s like using graphs and visual 
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representations to show the fact that we humans are very 
selfish and are primarily concerned with ourselves and our 
momentary world, not bothering to take a glance at the 
reality of the future generations. 

P17 – before simulation “People's convenience of the shift is a challenge that we may 
face when trying to implement clean fuel into cars.” 

P12 – after simulation “So, I guess we can be more like, agriculture land should be 
increasing, but I guess we can reduce emissions by being 
more efficient, while at the same time supporting the growing 
population.” 

 

Part 13: Component of a larger system  

• Here, we consider climate change to be the larger system of interest as it was 
overarching topic that formed the five topics (e.g., transportation, land use and 
agriculture, electricity, materials, and buildings). The five topics were sections of the 
Design Our Climate simulation that the participants navigated through. 

• Therefore, for this skill, we looked for connections participants made to concepts 
directly related to climate change 
 

Table S18. Examples of responses that describe connec5ons par5cipants made to climate change concepts. 

Participant Example 

P1-before simulation “Greenhouse gas molecules when accumulating in the 
atmosphere contribute to the warming of the planet.” 

P4 – after simulation “Most impactful choice we can do to stop climate change is to 
drive less and carpool more often.” 

P17 – before simulation “Switch to clean fuel would overall reduce climate change.” 
P13 – after simulation “Land use and agriculture are estimated to have contributed 

23% to global anthropogenic greenhouse gas emissions from 
2007-2016.” 

Part 14: Connec>ons to different contexts 

• We could not assess participants’ abilities to identify boundaries of their system as we 
did not specifically ask participants to perform that task 

• Therefore, we used the Environmental and Sustainability triangular model to identify 
different contexts where participants made connections  

• Contexts include, individual, societal, nature along with their connections to each other 
and to chemistry 

• Definitions of each can be found in the 8.2.1.3 S1.3. Theoretical Framework section 
• Connections to these contexts contribute towards the breadth of connections that 

participants demonstrated which can lead to the demonstration of other ST skills (e.g., 
the identification of boundaries and consideration of the system as part of a larger 
system) 

 
Table S19. Coding scheme of par5cipants' connec5ons made to different contexts. 

Participant Code Example 

P11 – after 
simulation 

Individual “One cannot relegate the efficiency of one resource 
to zero.” 
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P2 – before 
simulation 

Society “Overexploitation is a result of increased demands 
for a certain product” 

 
P1 – before 
simulation 

Nature “Greenhouse gases from the atmosphere increase 
global temperatures.” 

 
P3 – after 
simulation 

Individual and societal “Average consumption of all types of energy per 
year leads to more travel in groups.” 

 
P2 – after 
simulation 

Individual and nature “Planet will reach a point where it is unable to 
produce a sufficient amount of material as a 
result humans may resort to producing artificial 
materials using chemistry in hopes to recreate 
what is found in the natural world.” 

P6 – after 
simulation 

Societal and 
environmental 

“Public transport/carpool decreases the emission 
of CO2 emissions.” 

 Individual and chemistry N.A. 
P10 – after 
simulation 

Societal and chemistry “More demand for vehicles we can use carbon 
capture devices.” 

P6 – after 
simulation 

Nature and chemistry “CO2 is the major greenhouse gas concentration of 
280 to 412 ppm in 2019.” 

 

Part 15: Modes of Reasoning 

• We used the modes of reasoning framework to understand how students explain 
connections in their systems and how students explain how their system changes over 
time 

• There are four modes of reasoning present in the framework; however, we only have 
evidence of three modes of reasoning from students’ explanations. 

• For more examples and in-depth explanations of the four types of modes of reasoning, 
refer to the following papers:48–50  
 

Table S18. Coding scheme for modes of reasoning used by par5cipants. 

Participant Code Example Explanation for code 

P2 Descriptive “Chemistry relates to the topic 
of choice because materials 
obtained from mining consist 
of various elements. These 
elements could either be used 
as is or undergo a series of 
chemical reactions to produce 
something new.” 

No cause-and-effect 
relationship.  

P12 Relational “The process of seeds growing 
into plants and animals eating 
plants can be explained by 
biochemistry. Plants take 
nutrients from the soil and 
animals get their nutrients 
from plants.” 

The link between the 
process of seed growing 
and biochemistry is not 
explained. 

P1 Linear Causal “Greenhouse gases absorb 
heat. Some of this heat will 

Heat is invoked to 
explain the cause-and-
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head away from Earth while 
some of the heat is absorbed 
by other green house has 
molecules. These molecules 
contribute to the warming of 
the planet as they accumulate 
in the atmosphere. “ 

 

effect relationship been 
greenhouse gases and 
warming of the planet. 
Relationship is 
explained. 

 

No 
participants 
demonstrated 

Multicomponent 
Causal 

“Humans are causing global 
warming because they 
generate CO2 from burning 
fossil fuels. CO2 is a 
greenhouse gas that 
contributes to global warming 
by trapping heat in the Earth’s 
atmosphere. In addition, 
humans participate in 
agricultural activities that 
increase CH4 generation, 
another greenhouse gas that 
traps heat in the Earth’s 
atmosphere.”48 

Multiple pieces of 
evidence are used to 
explain the link between 
humans and global 
warming. There is an 
added chain of causal 
reasoning to explain the 
ways that contribute to 
global warming.48 

 

8.2.2 S2. Results and Discussion 

8.2.2.1 S2.1. Additional information for RQ1: What ST skills does undergraduate chemistry students use 
without scaffolding to construct system maps?  

System as a whole (blue, Figure 6):Researchers from different disciplines have 

previously identified that one cannot understand a system without identifying its components 

and that identifying components serves as a prerequisite for developing more high-order ST 

skills.16,21,43,52 Our finding is relatively positive; however, making comparisons with our findings 

and other ST studies is a challenge. We did not look at the quality of components related to the 

topic on climate change while other studies have looked for students’ ability to identify specific 

components of a system which adds an extra element to how this skill is assessed.16 Therefore, 

future research will need to explore the correctness of concepts and relationships in a system 

that focuses on a chemistry topic.  

Interconnections (orange, Figure 6): Learners first need to acquire an understanding of 

the components of the system to identify relevant connections between these components.15,16 

Unsurprisingly, all participants identified connections, considering they all identified 

components and were prompted to make connections between the components. A prompt for 
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making connections was explicitly used in our study as we felt it was necessary to allow all 

participants equal opportunity to demonstrate this skill. This is because participants were 

specifically asked to make a visual representation, purposefully refraining from using systems 

related terminology (e.g., systems map, concept map) in the study.  

Emergent behaviors (green, Figure 6): An understanding of emergence is critical for 

understanding scientific phenomena; however, identifying emergence can be challenging when 

a learner does not have much experience thinking in this way. The language through which 

basic concepts in chemistry are discussed does not generally include emergence.42,60 Therefore, 

we assumed participants had no prior knowledge on ST and prompted participants by asking 

them to “identify any similarities and differences between each system map” in the group task 

(task 3). Eight participants did and eight participants did not identify emergence when 

considering similarities and differences of system maps. There was insufficient information to 

assess the remaining two participants’ data. One participant did not participate in task 3, and 

the other participant provided a response that did not provide us with enough information for 

assessment. 

The nature of collaboration in the third ST task might have facilitated participants 

ability to identify emergence since some participants had identified greater properties of their 

system maps only during the third ST task. However, we do not have enough evidence to 

identify if the type of question asked or the nature of the conversations helped participants 

identify emergence. Therefore, future analyses are needed to explore how collaboration might 

impact the system maps created.  

8.2.2.2 S2.2. Additional theme: More time to engage in systems thinking tasks and engagement 
with a simulation enhances systems thinking skills 

Participants demonstrate certain ST skills more after engaging with the DOC simulation 

(Figure S8, Figure S9, and Figure S10). We looked at the extent that participants demonstrated 

ST skills before and after engaging with DOC simulation. Two factors may have influenced this 

finding which were time to add onto their systems and engaging with the simulation. We 
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cannot conclude which factor had a greater influence on participants’ abilities to demonstrate 

ST skills as added time and engagement with the simulation occurred simultaneously.  

We assessed the following skills before and after engaging with simulation; identify and 

organize components, identify levels of organization, identify connections, identify behaviors 

that change over time, predict how one variable influences another variable, consider the role 

of human action on the system, and consider how the system contributes to a larger system. 

Figure S8 shows participants’ systems include more concepts, junctions, and connections after 

engaging with the DOC simulation. In general, participants’ systems have expanded and 

include more interconnections. We also looked at how additional time and/or the DOC 

simulation impacted the types of connections made in participants’ systems (Figure S9). 

Circular loops were previously identified as a connection that was not commonly seen in 

participants’ system maps. In addition, there was not a large increase in this type of connection 

compared to the others after engaging with the simulation. Additional time nor engagement 

with the simulation helped to elicit this connection, emphasizing the need to explicitly teach 

circular loops in chemistry courses. Figure S10 shows a relatively large increase for the 

number of participants who demonstrated skills related to behaviors over time after the 

simulation. Again, we cannot conclude if any factors impacted this finding, whether having 

extra time to think about behaviors or being introduced to behavior over time connections in 

the simulation resulted in more participants demonstrating these skills. While we cannot 

conclude why a smaller increase was shown for participants demonstrating ST skills related to 

boundaries, the finding is positive as more participants demonstrated these skills with more 

time and/or engagement with the simulation. More research will need to explore these factors 

more deeply so that educators can understand the supports that can effectively help students 

demonstrate ST skills. 
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Figure S8. The average number of concepts, junc5ons, and connec5ons in par5cipants’ systems before and afer engaging with 

the simula5on. 

 
Figure S9. The average number of the types of connec5ons in par5cipants' systems before and afer engaging with the DOC 

simula5on. 
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Figure S10. Number of par5cipants who demonstrate behaviors over 5me skills and skills related to boundaries. 

8.2.3 S3. Systems Thinking Intervention 

8.2.3.1 S3.1. Task 1 
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8.2.3.2 S3.2. Task 2 
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8.2.3.3 S3.3. Task 3 
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8.3 Appendix 3: Suppor<ng Informa<on for Chapter 4 

Supporting Information: “Systems thinking encourages a safe space to offer different 

perspectives and insights”: Student perspectives and experiences with ST activities. 
Alisha R. Szozda1, Zahra Lalani1, Samira Behroozi1, Peter G. Mahaffy2, Alison B. Flynn1* 

1 Department of Chemistry and Biomolecular Sciences, 10 Marie Curie Pvt, Faculty of Science, 

University of Ottawa, Ottawa, Ontario, K1N 9A7, Canada  

2 Department of Chemistry and the King’s Centre for Visualization in Science, The King’s 

University, Edmonton, Alberta, T6B 2H3, Canada 

*E-mail: alison.flynn@uottawa.ca 

8.3.1 S1. Methods 

8.3.1.1 S1.1 Context and Participants 

Twenty-four participants completed a demographic survey (n = 17 undergraduate 

students and n = 7 graduate students). The 17 undergraduate participants came from a range 

of academic stages (9 first year, 7 second year, one third year) and declared majors including: 

Biomedical Science, Biopharmaceutical Science, Health Science, Biochemistry, Chemistry, 

Human Kinetics, Biotechnology, and Biology. The seven graduate participants also reported to 

be at different academic stages (4 MSc, 2 PhD, 1 Research Associate). Of the 24 participants, 

our sample was predominately women (19 women, five men) and diverse, reporting to identify 

with the following groups: 4 Asian – East (e.g., Chinese, Japanese, Korean), 3 Asian – South 

(e.g., Indian, Pakistani, Sri Lankan), 3 Asian – South East (e.g., Malaysian, Filipino, 

Vietnamese), 1 Black – African (e.g., Ghanaian, Kenyan, Somali), 4 Latinx/Hispanic (e.g. 

Argentinean, Chilean, Salvadoran), 1 Middle Eastern (e.g., Egyptian, Iranian, Lebanese), 4 

White – European (e.g., Egyptian, Italian, Portuguese, Russian), 6 White – North American (e.g., 

Canadian, American), and two preferred not to answer. 

8.3.1.2 S1.2 Instrument and procedure for data collection 

Due to the pandemic, data collection for this study took place entirely through online 

platforms (i.e., Zoom, Miro, and Google Forms). Each iteration of the intervention allowed up to 

mailto:alison.flynn@uottawa.ca
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eight students to participate, and we conducted the intervention via Zoom, a video conferencing 

software that allows one or more parties to meet virtually.  

Cognitive and affective instruments: The cognitive and affective instruments used for 

this study were the Attitude towards the Subject of Chemical Inventory version 2 (ASCI. v2)1 to 

assess attitudes towards chemistry and a Climate change awareness survey to assess student 

perceptions on climate change. These instruments were repeated to see how the learning 

experience influenced their affective domain and knowledge construction. From initial data 

analyses, we found no significant difference between pre- and post-test data. This data did not 

add anything to our findings and was not included in this manuscript. 

Group Task protocol: In the first prompt, we asked participants to share their system 

map with their group members. Next, we asked participants to find a way to connect each 

system map into a new visual representation. After constructing their group system map, we 

asked participants to discuss, "What is different about the system map that you made through 

discussions than just setting your individual system maps side by side?" Four of the ten 

groups did not answer this last question as they either ran out of time or chose not to answer. 

8.3.1.3 S1.3 Data analysis details 

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

verbatim. Two researchers, ARS and ZL, read the transcripts to situate themselves with the 

data and wrote memos on patterns uncovered from the data. Next, ARS coded the interview 

and group task transcript data line-by-line via open coding, while ZL completed the same 

procedure for the post-activity ST responses. Open coding allows researchers to break up the 

data and label it with codes to enable continuous comparison and contrast of similar events in 

the data, engaging in constant comparative analysis. Then, ARS and ZL proceeded with axial 

coding by connecting these initial codes and grouping them to form smaller categories. Both 

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 questions. During data analysis, ARS created a coding 

scheme for student experience codes (RQ1), and ZL created a coding scheme for student 
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perspective codes (RQ2). For the student experiences analysis, we analyzed some of the 

transcript data (i.e., students explaining how they constructed their system maps) using a 

slightly different approach as we needed to compare text to visual (i.e., system maps) data. 

Specifically, after transcribing and coding group task recording data, we created summaries of 

the initial codes for each participant and group constructing their system maps. These 

summaries contained the specific order of events that were described by the participants and 

allowed us to identify similarities and differences of participants’ approaches for organizing 

concepts in their system maps. We compared the summaries of participants’ verbal 

explanations of constructing their system maps to the system map they constructed to identify 

the consistency of visual representation data and corresponding verbal explanations. We 

uncovered additional findings from these comparisons. 

 Following the development of both coding schemes, we critically discussed each 

scheme with each other and other research group members to clarify definitions of codes and 

themes. After discussions, we refined the coding schemes, applied the revised coding scheme to 

the data, and again discussed them amongst the researchers until we reached a consensus. 

The final coding schemes are presented in S2. Throughout, writing memos helped 

communicate the coding process and emerging patterns, categories, and themes in the data 

among the researchers.2 The record of memos helped ensure confirmability and dependability 

of the analysis.3 We created labels for each participant (e.g., U1 represents undergraduate 

student 1 and G1 represents graduate student 1) to keep anonymity of participants identities 

which are used to communicate this research. Additionally, we removed unnecessary words 

(e.g., umm, like) or repeated words from quotes to improve its readability. 

8.3.1.4 S1.4 Theoretical Framework 

Modern Information Processing Theory. This theory guided our research by 

understanding how learners can 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. The first task required learners to use their prior knowledge to construct a 

system map. The second task allowed new information to be presented to the learner in a 



 269 

meaningful manner by linking new concepts to the learners’ prior knowledge to potentially 

expand their system map. The third task altered the learning environment (i.e., collaborative 

setting) to allow learners to link new concepts in a different way.  

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. Students with well-organized knowledge structures 

from their long-term memory may hold more information in their working memories due to 

their ability to chunk (i.e., group) this knowledge and consolidate new information from having 

more experience using this knowledge.4 Students with less organized knowledge structures 

may have less experience consolidating information in the working memory; for them, new 

information may not seem relevant or be considered.4 

Socio-cultural Theory. Sociocultural theory explains how the learning environment 

plays an integral role in cognition.5,6 This theory stresses the importance of culture and social 

interaction in developing and shaping individuals, with an essential application being peer 

collaboration.6–8Interactions with other individuals in the learning environment stimulate 

developmental processes and foster cognitive growth.6 Cognitive development occurs in the 

zone of proximal development (ZPD, differentiating between what a learner can do individually 

and what they can do when assisted by others),46,47,52 because ZPD reflects that collaboration 

with more capable peers will share that knowledge and skill with less knowledgeable peers to 

accomplish a task.6,9 

8.3.1.5 S1.5 Validity Evidence 

We addressed the validity of the findings using well-established methods such as 

content validation, response process, triangulation, disconfirming evidence, peer debriefing, 

and providing a rich description of the participants' experiences and perspectives and the 

context of the study.10–12 

Content validity was performed before data collection to assess the quality of responses 

to questions and activities in the ST intervention. Here, two experts who research STICE 

engaged in the ST intervention and provided comments to improve the questions in the ST 
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tasks. Additionally, we collected validity evidence based on response process to ensure the 

participants' thought processes aligned with what we intended to ask when answering the 

questions.13 A pilot of the ST invention was conducted with four chemistry graduate students 

and two undergraduate chemistry students, as these students represented the appropriate 

group of participants for this study. Additionally, two students completed interviews to provide 

feedback on the ST interview questions and obtain their thought processes when answering the 

questions. We acknowledged all comments and feedback and made changes to items 

accordingly. 

Triangulation was another method used prior to data collection. This validity procedure 

involved us converging multiple and different sources of information to form themes in a study. 

We incorporated triangulation into our research design by using numerous methods to collect 

evidence on how students demonstrate ST skills (e.g., visualizations, google form, audio, and 

screen recordings). The validity evidence of the findings was established by relying on multiple 

forms of evidence instead of a single data point in the study. 

In addition to collecting validity evidence during the study's design, we took steps 

throughout data analysis to maximize the findings' trustworthiness. Disconfirming evidence is 

one method we used that involves searching through the data for evidence that disconfirms 

preliminary themes. For example, we found positive findings on participants' perspectives 

toward ST. Therefore, Z.L. sifted through other data sources from the ST intervention and 

interviews, looking for negative perspectives that would disconfirm our findings. While we 

found no explicitly negative perspectives, we found neither negative nor positive responses; this 

data is shared in the manuscript. 

We used peer debriefing throughout the study. Regular sessions between the 

researchers and members of the Flynn Research Group allowed members to ask in-depth 

questions about the methods and interpretations. They helped address any assumptions 

and/or biases in the analysis. This process maximized the credibility of the results.10  

Lastly, we describe the setting, the participants, and the themes of this qualitative 

study in rich detail. Thus, the credibility of the findings is established through the lens of the 
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reader, who can interpret the narrative and setting of the study.12 Full transcripts are not 

provided to preserve participants’ anonymity. 

8.3.2 S2. Codebooks 

8.3.2.1 S2.1 Student experiences codebook 

RQ1: What are undergraduate and graduate student experiences constructing system maps 

during individual and collaborative systems thinking tasks? 

Theme 1: While collaborating, participants had beneficial and challenging experiences 
constructing system maps  

Category Codes and 
description 

Exemplar quotes 

Beneficial 
experiences 
constructing 
system maps 
collaboratively 

Recognized and 
appreciated the 
difference of 
perspectives and 
ideas from group 
members:   

Participants 
mentioned they 
gained a new 
perspective or 
ideas about a 
problem from their 
group member(s).  

Participants 
mention the group 
system map is 
better because it 
combines all ideas 
from all group 
members since 
people have 
different ways of 
thinking about a 
topic.  

“Interviewer: What new perspectives did you have 
about climate change and/or chemistry when 
collaborating with your group? If any?” 

U9: “Definitely the political perspective, I never 
actually looked at it that way on the political side of it.” 

U12: “The group one is mostly better, because… it 
combines all our ideas, obviously…individually, you 
won't come up with the same ideas as another person, 
even though like, like two of us did the same topic of 
agriculture. There were still things that we added to 
each other …” 

U3: “It was nice to share ideas, me and one of my other 
group mates had the same topic. … Like one thing I 
think he mentioned that I didn't was about, like 
research into different fuel cells.” 

G2: “Well, I'm not fully certain of what the new ideas I 
gained thru this, I certainly gained new ideas. … So, 
when we have the chance to discuss our visual 
representations, I think the great benefit of that is you 
can bounce off ideas much more easily when you're 
discussing with other people than when you're by 
yourself. And you can find interconnections and 
correlations between different ideas much, easily, 
much more easily.” 

From group task (Task 3):  
“U14: Okay. So, I mean, I think that's when I see a lot 
more connections between everything. I think I would 
have liked to connect, like electricity and agriculture 
together more. But I think time constraints that would 
have taken a lot more time. But I, I like this, what we 
have because it's very connected. And you can see like 
cause-and-effect kind of stuff. 
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U11: Yeah, there's a more unified sort of feel because 
you can see the different aspects of climate change and 
chemistry, respectively. So, it's kind of interesting. And 
the whole idea of problems and solutions also kind of 
adds a sense of duality to the issue. 
U14: Yeah. 
U11: Yeah, I think it's a lot more organized. 
U14: Yeah. 
U12: Yeah, for sure. Like for the individual ones. I 
think we just started with like, a bunch of big words or 
concepts thrown onto the page, and then just making 
random connections in between. 
U11: Yeah. Very chaotically. 
U14: Yeah, I think this made it a lot easier to like, 
organize your thoughts and like, especially having like, 
I mean I know for electricity you didn't, but for like 
having two diagrams to base the information off of was 
really helpful, because you could think about things 
that you didn't like, think about at first. 
U11: Yeah, different perspectives on the same issue, 
and that's always helpful.” 

Group system 
map brings more 
aspects together 
and gives a more 
well-rounded 
view: Participants 
mention that they 
liked the group 
system map more 
than their 
individual system 
map because 
combining ideas 
and concepts 
brought aspects 
more together to 
give a more well-
rounded view of 
topics, including 
finding one 
solution to the 
multiple problems 
addressed. 

G4: “The group created one, I definitely like that one, 
because I think what I always had trouble with when 
learning chemistry was that … I always found it kind of 
frustrating just looking at like, isolated reactions... But 
then also, when it came to just biology, I was kind of 
frustrated with like, not knowing the details of it, I was 
kind of like, okay, that happens. But why. So, I think I 
liked the two group together maps, because I think it 
did kind of bring them together more…And then I think 
it also kind of helps to…like I said, with the transport 
trucks coming in, …it kind of gave another view that I 
just like hadn't considered before ... And so, when, 
when that came in, it's kind of like added another layer 
to what I had. And I think it just kind of gave an overall 
more well-rounded picture of the thing when you had it 
coming from both sides.” 

G1: “I think the group created one because … it looks 
at two problems … and tries to like tie them together 
and make one solution. While each individual visual … 
representation… only looks at one specific problem, 
while the group one really like tried to take two 
problems and try to have one common solution that 
would help both. 

G1: “Well, I think when you discuss more in a group, 
you expand more. It’s kind of like a domino effect. How 
like one thing can impact another, and then impact 
another, and impact another. Hmm. So, like overall, I 
think that maybe you see you change a little something 
in one aspect that like you can still. That would change 
something else. And like, kind of like you always want 
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to think of everything. Kind like all things that you 
would affect it.” 

U10: “I like your idea, especially the whole carbon 
footprint thing. I'm liking how you've interconnected 
everything. Because when I only looked at transports 
but now based off of what you've done in your 
visualization, I think we can incorporate what you've 
talked about in terms of industries, waste, material, 
and electricity, and also the water I have for transport. 
We bring all of that together now to make like a whole 
visualization that talks about everything. Because 
when you start talking about industries, for me, the 
first thing I thought about for industries is the 
industries that refine the fuel.” 

Group system 
map construction 
is more 
meaningful: 
Participants think 
the group system 
map is better 
because it contains 
more meaningful 
concepts. 
Additionally, 
participants 
mention that 
combining system 
maps makes a 
product that 
matters and 
provides the 
opportunity to 
discuss solutions 
to make change. 

U3: “I think the group one just because there's a lot 
more like meaningful concepts on there. Uh I 
mentioned before, like, one half of my entire flowchart 
was just listing types of transportation and realistically 
that, like, there's not much to go from there, you just 
stating a fact. But we mentioned like, things to take 
into account with the group one. Like, again, like 
purchasing locally, which is an important thing to do.” 

G4: “I think I liked the two group together maps, 
because I think it did kind of bring them together more. 
And so I think, to that level, it made it, I hate to say it, 
but it made it like more interesting to me, I guess just 
being able to see like, it's not just like these two things 
mix, and you get this product, it's like these two things 
mix, and you get this product and it matters because of 
this.” 

G2: “If I were to find one, I could talk about would be 
the fact that if we want to find a solution to climate 
change through chemistry, we really have to sit down 
and discuss it with other people like it won't happen on 
its own. So having opportunities like this, to sit down 
and think about climate change, and chemistry 
solutions, that's what's going to help to make change. 
Umm, if we don't find these opportunities to discuss, it 
won't happen.” 

From group task (Task 3): 
“G2: I guess that we see completely different aspects 
but there are still correlated, like there are still linked. 
There not so exactly, as you said, there part of the 
system. You can’t only consider one without 
considering the other because they both impact like the 
pollution or climate change on the planet. So, if you 
put all your efforts on one, there is still the other side 
is problematic. We have to be strategic on the effort we 
put in things. You can’t put all your efforts in one 
thing. You have to find a way to compromising between 
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all these aspects. 
G1: I also think it’s like little change in each aspect will 
help. You know like. You do have to put all your eggs in 
one basket. Maybe changes here and there from 
throughout your life. Hmm, that would help a lot 
because if you like... Let’s say if you say, I am going to 
be vegan which is you know great. But you ride, you 
drive everywhere, or you buy things from like cheap 
store, like you do fast fashion... You are still. You might 
be helping in one sense but there are still other things 
you can do. So, I think it’s like taking in conscience, et 
just like putting grain and salt in each thing and 
changing different aspect of your life and not just one.” 

From group task (Task 3): 
“U17: How would we get people to change it though? 
U18: I know…I think, like the big thing, like we were 
just talking about is …when you look at the resources 
telling you to like live a greener life, people are really 
pointing to…the most obvious you think of are like, 
greener cars, you know, like, see all these like electric 
car outlets at like malls now and stuff. So, I think it I 
think it's like re-informing people, you know, like, 
maybe choose the solar panels. 
U17: Clearing up some misconceptions that we had, 
because honestly with the way they show things we 
would think that transportation holds a bigger part in 
everything else, but kind of doesn't. 
U18: Yeah, I think … it would definitely be about… 
clearing out the misinformation and trying to like, re-
educate people on what is actually happening… 
because … it’s…painfully clear when you see it all 
together and how everything effects on that diagram.” 

Collaboration 
helps the 
development of 
ST skills: 
Collaboration helps 
participants 
identify additional 
concepts and 
connections (i.e., 
would add more 
concepts to 
individual system 
based on group 
task, finds 
connections 
between different 
ideas more easily 
in group setting) 
Collaboration helps 
participants 
identify 

Concepts and connections: 

Interviewer: “Is there anything you would add, 
remove, or change to your individual visual 
representation after participating in the group task?” 

U9: “I would add more on the plastic I would make the 
material bigger umm and not include only um the 
problem, maybe have developed it somehow to include 
possible solutions and what are the causes that are 
causing these things to happen.” 

U12: “The main idea that connected all our visual 
representations is the fact that with our topics, there 
are associated problems that contribute to climate 
change, or maybe other environmental problems, and 
the fact that we learn of potential solutions to those 
problems from doing the simulation. So, once we did 
this, it made it easier to have main ideas on the 
problem side of the graph and then the solution side of 
the graph and then from there It made it easier to 
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emergence (i.e., 
group task helps 
identify a greater 
purpose of the 
system map, 
participant 
recognizes group 
members 
perspective made 
the topic bigger 
picture) 

connect the topic of agriculture to electricity. … So, 
when we have the chance to discuss our visual 
representations, I think the great benefit of that is you 
can bounce off ideas much more easily when you're 
discussing with other people than when you're by 
yourself. And you can find interconnections and 
correlations between different ideas much more easily.” 

From group task (Task 3): 
G6: “I feel like there were kind of some more obvious 
connections that we made at the beginning like that 
with. Like you were transport uses this, and we require 
transport with agriculture kind of thing. But I feel like 
… that's kind of where the connections would have 
ended if we were just putting them side by side. You 
know, like I feel like we were able to find more 
connections and kind of see more of a connection 
between the two topics when we had to smoosh 2 maps 
together as opposed to just keeping them separate and 
say they're probably related.” 

Emergence:  
U3: “But yeah,…[the system map] kind of like shifted to 
transportation of like organic…food in general, like the 
transport of food from one place to another, and we 
kind of talked about, like, eating locally, or like 
purchasing locally…They that's how the actual 
flowchart shifted.” 

G4: “I think because I was thinking about just the one 
topic, it was kind of a narrower focus, I guess. And so, 
it was just saying, like, I know that it's probably not 
great if we're spraying chemicals into the air kind of 
thing. And then when he added his part in, it also 
became about like, while it's not just only on a farm 
level, it's also getting it from farm to you kind of 
thing…So it kind of made it into a bit of a bigger thing. 
I guess if that makes sense. Like it kind of made it 
more um a big, big picture kind of thing, as opposed to 
just looking at one aspect.” 

From group task (Task 3): 
G1: “I really like your emphasis on biodegradable stuff, 
hmm, and having. Huh. Like using enzymes to degrade 
different types of compounds. Huh. We can tie it into 
like furthering our composting habit for farming and 
agriculture. 

G2: Uhm. Yes. So, we could use, hmm, biological 
organism to, hmm, re, hm, remediate waste from 
farms. I think there is actually in Ottawa... The 
agricultural farm is doing things like that. They use 
biological organisms to, hmm, to modify farm waste 
into useful, hmm, things like for. Huh. I know how to 
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say it in English but in French it’s “de l’engrais”. So, 
it’s for the land.” 

Challenging 
experiences 
constructing 
system maps 
collaboratively 

Difficulties with 
making 
connections: 
Different ideas and 
topics make it hard 
to make some 
connections in the 
group setting. 

G1: “It was definitely harder I found because like, not 
only you have your own ideas, but you also have 
to…include other people's ideas. And I found that like, 
in our case, we had very different…topics like I found 
that…agricultural land use kind of ties very well into 
transportation and transportation ties very well to 
energy and things like that. But like we had kind of like 
very far ideas that don't tie into each other as…easily. 
And so, it was kind of hard to find some connections I 
found.” 

U12: “at first for us…it took a while to connect all our 
ideas together …just because we kind of attacked our 
topics at different angles.” 

Overwhelming 
experience: 
Looking at more 
perspectives and 
concepts make it a 
bit overwhelming 

G4: “I was just saying…I know that it's probably not 
great if we're spraying chemicals into the air kind of 
thing. And then when [group member] added his part 
in, it also became about like, while it's not just only on 
a farm level, it's also getting it from farm to you kind of 
thing. So, it was almost a bit more like overwhelming. 
Because …it's not just like don't use fertilizers, it's like, 
you also need to figure out …more environmentally 
friendly ways of transporting kind of things.” 

 

Theme 2: Participants made chemistry concepts and connections despite having 
difficulties 

Category Codes and 
description 

Exemplar quotes 

Varied 
approaches to 
adding 
concepts 

Include general 
concepts from 
personal 
experiences: 
Concepts were 
added based on 
thinking about what 
they know about the 
topic, knowledge 
obtained from 
experiences related 
to their daily and 
personal lives or 
knowledge obtained 
from discussions 
with others. 

U3: “Um, it just seemed like something I could, like, 
give insight about, I guess, a lot of them are pretty 
broad. But transportation is something like, I, I use 
transportation often. So, I thought I could talk about 
that more.” “It was kind of just like a brainstorm um. I 
just thought of it because I just read objects, 
phenomena processes." 

U14: “I just watched the dune Attenborough 
documentary, and that's how I know most of that” 

U18: “But so I just thought of like the three main 
things, I guess that you first think of transportation, 
like especially being a student, it's like, access, 
availability, convenience” 

G1: “I focused on sustainable meat industry. So, a lot 
in the past, like right now. There is a big push for 
people to become vegetarians, vegan and although it is 
possible. That is a great way to reduce greenhouse 
emission, greenhouses gas emissions. A lot of people 
have a hard time doing that because of either dietary 
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restriction. And honestly just like culture. Hmm. 
Coming from a Latino family, it is incredibly hard to 
people to be vegan because meat has been a staple of 
the diet. So maybe there is a land use and agriculture, 
that could focus on sustainable meat industry.” 
 
G6: “The reason why I chose that [topic] was because 
that's something I'm working in as a student and as a 
biochemistry student, my project involves bringing an 
interface and chemistry.” 

Include concepts 
using a systems 
thinking lens: 
Concepts were 
added by thinking 
about, solutions to a 
problem, causes of 
climate change or 
causes that impact 
the environment, 
concepts that have 
many connections, 
inputs and outputs, 
and/or zooming in 
and out of 
perspectives. 

U9: “Like back to the natural fuels, the things that 
came out at the top of my head when I thought about, 
like, the idea of um, global warming or climate change, 
and then relating it back to the to the concept, like 
what is happening that is causing that.” 

 

Include 
disciplinary 
concepts by 
thinking of 
chemistry’s 
relevance to topic: 
Concepts were 
added by thinking of 
how chemistry 
relates to the topic 
or from a biology 
perspective. 

From interview: 
U10: “So that’s when I introduced the chemical 
process, combustion being the breaking of bonds, that 
therefore an exothermic process, and now the energy 
that is released from that exothermic process is what 
powers the vehicles; however, that that there are some 
byproducts from that combustion process that are 
gaseous in nature, and the gaseous, the gaseous 
byproducts. Gaseous byproducts are released into the 
atmosphere combining with air to form molecules that 
can degrade the ozone layer or capture heat.” 

G2: “A lot of materials we use now are based on 
polymers. So, if we were trying to solve this with 
chemistry, finding polymers that aren't hard to degrade 
could be something to consider, especially polymers 
that already exist in biological organisms, because that 
means there's already reactions that exist in nature to 
degrade those, we wouldn't have to come up with 
complex chemical reactions to be able to degrade 
them.” 

From group task (Task 3): 
U6: “So I'll first start off with bikes, there's obviously 
less damage to the environment because there's less 
co2 and methane production. And then there's public 
transport and carpooling, which can decrease the 
emission of co2, which is obviously better for the 
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environment. And then the next one would be cars and 
vehicles. These cars and vehicles can emit greenhouse 
gas gases, such as co2, methane, and nitrogen oxide. 
And this would obviously increase the total global 
temperature as the atmosphere traps more heat, which 
raises the temperature, which is not good for the 
environment.” 

G2: “I was thinking about how we can use bio-
organisms to degrade some materials that we no longer 
need. Or that would pollute the planet. And also using 
bio-organisms. So, imitating biological processes where 
polymers are formed. So, we could use biomolecular 
polymer to make materials that are easier to degrade 
afterwards when we no longer use them.” 

Awareness of 
chemistry 
presence in 
tasks 

Realize system 
maps lack 
chemistry 
concepts and 
connections: 
Participants realize 
their system map 
does not include 
many molecular 
level connections, it 
is not heavily 
chemistry related, 
they could focus 
more on chemistry 
aspects, or they 
would include more 
chemistry concepts 
and connections to 
their system map. 

G2: I certainly realized that my representation isn't 
necessarily super chemistry related. It was more 
conceptual, I don't know. Um, I didn't include many 
chemistry concepts. Like I didn't talk about orbitals or 
specific reactions. But at least it does show that 
chemistry is also related to real life.” 

U3: “Because in the actual question, it says, try to 
touch on the molecular level. And if you look at my 
flowchart that doesn't really touch on that too often. 
So, I tried to, like, have at least one point relating to it.”  

U12: “I would say doing this, I realized that I definitely 
could focus more on the chemistry aspects of climate 
change, because um usually, I would hear about it and 
from like reading news stories, or conversations with 
people in general, so we don't really get too, too into 
the, the finer scientific details of climate change.” 

Engaging in 
activities reminded 
participants of 
chemistry’s 
presence: 
Participants indicate 
the group task 
reminded them 
about the chemistry 
behind concepts and 
their topic or that 
engagement in the 
study made the 
participant think 
about how 
chemistry is always 
happening in our 
life. 

U9: “I just thought just like looking at or working with 
this project. I thought chemistry is basically our life… 
because anything that we're doing even like writing any 
word with a pen or pencil, … basically chemistry is 
happening, or at least at some way, at some point in 
this reaction. In the manufacturing of this piece of 
paper, or this pencil or this pen, there has been 
chemistry involved. So, like we can't deny the concept 
of chemistry, no matter what way we look at things. 

G4: “I think his [system map]…was a bit more like kind 
of reaction, molecular based kind of thing. …so, I 
think, overall, it just helped me to kind of bridge my 
interest in what I thought was cool. And what I was 
thinking about with the chemistry that was… not 
necessarily behind what I was saying, but the 
chemistry that was related to it. “ 

“… hearing another person talk about [the system 
map], it kind of reminded me of aspects that like, I 
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know the chemistry behind [the topic], but I don't 
necessarily think about it all that much kind of thing.” 

Difficulty 
with 
incorporating 
chemistry 
concepts and 
connections 

Describe surface 
level chemistry 
concepts in 
connections: In 
interviews, 
participants 
demonstrate 
difficulty through 
their responses to 
explaining how a 
macroscopic concept 
connects to a 
molecular concept. 
Participants use 
macroscopic level 
contexts and 
concepts (e.g., 
environmental 
context, culture, 
politics, government) 
to explain a 
connection between 
a macroscopic and 
molecular level 
concept made in 
their system map. 
May touch on 
molecular concepts 
in their explanation 
but do not go into 
depth of molecular 
processes involved 
when explaining 
connection. During 
group task, when 
participants share 
their system map 
with group 
members, some 
participants may 
touch on molecular 
level concepts but 
describe chemistry 
connections using 
descriptive features 
or do not get at the 
depth of chemistry 
concepts. 

 

U5: “I did land use in agriculture…I started with 
photosynthesis for like a chemical because it's a 
chemical process. And I wrote like, what it was, and so 
it's kind of like one of those naturally occurring 
processes.” 

U6: “Transportation is divided into public transport, 
and like carpool also. And then the second one would 
be just separately, so cars and vehicles. And the public 
transport and carpool can also kind of be sort of 
similar to not, not really, really kind of to bikes. 
Because bikes, it doesn't include any, any use of gas 
emission or fuel. And so, I'll first start off with bikes, 
there's obviously less damage to the environment 
because there's less co2 and methane production. And 
then there's public transport and carpooling, which 
can decrease the emission of co2, which is obviously 
better for the environment. And then the next one 
would be cars and vehicles. These cars and vehicles 
can emit greenhouse gas gases, such as co2, methane, 
and nitrogen oxide. And this would obviously increase 
the total global temperature as the atmosphere traps 
more heat, which raises the temperature, which is not 
good for the environment.” 

Interviewer: “So I'm going to ask you to connect how 
carbon dioxide relates with money and the 
government.” 
G7: “Okay. Um, well, the first one that comes to my 
head, … I think it might be there in a way. But the 
government is run by people. And when we breathe, we 
release CO2. So that's the thing that number one way 
to connect it, but I kinda touch on that before, the 
government runs programs, and most of them are 
based on money they're going to generate from it, 
revenue, or taxes or whatever it is, or money that we'll 
need for those programs for environmental changes. 
And I think CO2 is like the most non, like gas. It might 
not be the worst, but it's the one everyone talks about, 
really. So that relates in that way, but also how, like, 
they own the bus, I don't know if here it's a thing, but 
in Brazil, at least they run the bus companies in a way 
or the public transportation. And so, they are in charge 
of a lot of those CO2 emissions or making policies of 
how much you can drive, how many times you can 
drive in a day, or, you know, like the types of fuels they 
are allowed to be used and all that. So, it really, I think 
they have a strong connection with CO2 and just like 
any pollutants, in general, because at the end of the 
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day, if they say that we can use them, we're not going 
to be able to use them.” 

Interviewer: I'm going to ask you to explain how they 
connect. So, I'm going to ask you to explain how 
sustainable farming connects to this point, right here, 
natural gas is not the best in terms of CO2 production. 
G1: “Um sure, so as we know, like a lot of having like 
meat, like cattle, a group of cows is cattle yeah, um 
cattle, and all that is not good because like you are 
basically like, there's a lot of methane that gets used, 
which is natural gas. And then when this is more like 
um, if you look like I remember, like the little like, I 
don't want to call it a game, but the little thing that 
you, Yeah, simulation. Um you can see that like, using 
natural gas for energy is not the best in terms of CO2 
production, like the amount of CO2 production that you 
make. Um and so it's finding, are there ways to use 
that natural gas back in the farming um industry, or 
reuse it for other, other um uses, but I still trying to 
limit the CO2 production?” 

Indicate difficulty 
creating chemistry 
concepts and/or 
connections: 
Participants indicate 
they have difficulties 
with making 
chemistry concepts 
or connections 
through one or more 
of the following 
instances: 

-Mentions they are 
not really sure about 
or found it difficult 
to make a 
connection from a 
phenomena concept 
to a chemistry 
concept. 

-Generally states 
that making 
connections to 
chemistry is hard. 

-States that it was 
hard to talk about 
the topic in 
chemistry terms or 
they had an easier 
time creating 

G1: “Um, [the experience] was actually kind of hard 
because…I'm in more organic chemistry. And so, my 
experience like, I know this from a normal experience, 
like colloquial terms and stuff, but I don't have that 
much chemistry experience with this type of research 
and stuff like that. So, it was definitely hard to be like, 
okay, like, let's try to talk about it in chemistry terms. 

Interviewer: How does CO2 right here connect to 
electricity? 
U9: “Okay, hmm so that's a tough one.” 

G4: “I definitely had an easier time with this coming up 
and looking at like the large-scale things as opposed to 
on a molecular level. And I think that mostly just 
comes from, like what I was saying before, like, my 
knowledge comes from my dad was doing, what my 
brother was doing. And…they don't talk about 
molecules in what they do so…So those thoughts just 
kind of came from discussions with family members.” 

G4: “I had trouble kind of thinking of the molecular 
level of my stuff outside of like phosphates and stuff 
exactly like what the fertilizers are made of other than 
that.” 
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concepts at a larger 
scale than a 
molecular scale. 
 

Theme 3: System maps include problems/solutions and causes/effects and differ based on 
the intended purpose to construct and how they’re organized 
Categories Codes and description Exemplar quotes 

Added 
causes/effects 
and 
problems/solutio
ns using different 
organizational 
strategies 
  

Participants primarily 
added ideas to their 
system maps thinking 
about causes and effect 
and/or problems and 
solutions. The approach 
used to organize these 
ideas differs among 
participants. 
 
Organized by topic, then 
added subtopics, then 
ideas: Some participants 
organize their system 
maps starting with their 
main topic, branching into 
subtopics, and then 
adding ideas based on 
these subtopics. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Interview question: How did you decide to 
add onto areas of your visual representation 
(system map)? 
G4: “So my thought for putting fields in the 
middle was that  I guess both physical and 
conceptual, like this is kind of the midpoint, 
like, this is where things grow. and this is 
where things come from. So, fields was kind of 
in the middle, because it's, you need to do 
things to the fields and fields do things to the 
area. So that was kind of why I made that my 
central point. And then umm I kind of 
separated I guess from there from like, the 
things you try to do on a farm, so like, grow, 
produce, raise animals, whatever, on. So those 
are on the top. And then on the bottom was 
like the more chemical side of it, like, 
fertilizers, GMOs, and the effects of those kind 
of moving forward.” 
 
Interview question: How did you organize 
your visual representation? 
G4: “I organized it on like, things you do and 
then the effects, I guess, are like the things 
you're trying to grow, and then more like 
chemicals and things you use to get there. 
umm. So that would be kind of the large 
structural feature, I guess, of the map. Then I 
decided to connect those two parts by looking 
at animals, or comparing or connecting 
animals to antibiotics and pesticides, umm 
and how those are harmful to animals in 
humans, just because umm that, I just kind of 
felt like that was the biggest connecting thing 
between the two.” 
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Organized by topic then 
added ideas: 
Other participants 
organize their system map 
starting with their main 
topic and adding ideas to 
this topic. Some of these 
participants who 
construct their system 
map via this strategy 
indicate they lack 
organization in their 
individual system map 

 
G4’s individual system map: 

 
 
Interview question: How did you decide to 
add onto areas of your visual representation 
(system map)? 
G1: “I just … kind of like took the concept of 
like, how can you…better and make 
agriculture more sustainable art, let's call it 
and then just started to …, when I think of 
sustainable agriculture, what do we think of it 
just started … branching out my idea. So just 
kind of started growing from that. And then 
like, as soon as I would have one thought, if I 
had another thought from that it was like I … 
kind of add on.” 
 
Interview question: How did you organize 
your visual representation? 
G1: “I kind of just, there's no organization…I 
kind of just like, wrote the first thing and … 
drew an arrow to something that related to it, 
and then drew an arrow kind of thing. Very 
chaotic…Kind of like if I was writing on a piece 
of paper, there was an elementary 
organization.” 
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G1’s individual system map: 

 
Interview question: How did you organize 
your visual representation? 
G7: “I think I didn't organize. If I had more 
time, I would have organized it better, because 
I love a good flow chart. But,…I think it's all 
over the place. I just tried to put things in a 
place that I could connect to other things. 
Because I started with…I'm going to go down 
in like a family tree kind of way. Um, but 
then…I started to notice that I was actually 
going to link four things or five things to one 
box. And I didn't think of that initially that or 
that would happen, then it kind of just got 
messy.” 
 

Interpretations of 
the purpose of 
system map 
construction 
influences how 
they construct it 

Intentionally kept 
concepts broad: 
Participants wanted to 
keep system maps simple 
by not including many 
details or expanding too 
much on other 
topics/issues. 
 

G2: “I also tried to keep [the system map] 
simple. So that someone who read it could 
kind of get where I was going um, yes, so I 
would say, I tried to not add too many details 
and keep it simple kind of like how you make 
a summary when you're studying. Um just the 
main ideas.” 
 
U3: “If there was enough time, obviously, I 
could probably like one of the topics was 
electric, like vehicles, I could probably make a 
whole flowchart about that, but I didn't want 
to go too specific into things that weren't 
necessarily about, like transportation directly. 
I didn't think that's where, like, you guys 
wanted us to kind of go with this. I thought, 
like, we're talking about transportation and 
related with other things as well. So yeah, I 
just kept it broad.” 



 284 

G1: “I also felt that there was a point where 
like, points were taking over other issues in 
the sense of like, for example, local food, less 
travel, less pollution, that can also tie in with 
transportation. In terms of like, then you're 
also dealing with types of transportation and 
… how you transport things, and how to make 
that more sustainable. So, then it starts 
branching out into other points. Same thing 
with like, you know, storing and using the gas 
for energy that goes into another point. And so 
as soon as like, I started to … branch out a 
little too much. That's when I was like, okay, 
this spot ends here. Because it's now 
branching on to another, I guess concept.” 

Refine system maps for 
different audiences: 
Some participants 
mention they would 
construct their system 
map differently for 
educational purposes or 
something other people 
would view instead of 
having a system map that 
is like a brainstorm or 
something they naturally 
categorize ideas. 
 

P12: “It's more brainstorm type of 
visualization instead of like, something that I 
would show to people to educate them?...So 
this would just be how I naturally would 
categorize all the ideas and haven't thought 
too much about how I would make it more 
presentable for educational purposes. But 
besides making things prettier, but that's 
pretty much it, it's just the fact that this is 
more instinctual, an instinctual organization 
rather than more of a designed organization.” 
 
U3: “I mentioned, like listing the types of 
transportation it wasn't that important, but at 
the time, the way I was thinking about it, I feel 
like that's what led to the final decision. So…I 
don't think there's any reason to take it out, 
especially since it's just a flowchart. Like, if it 
was something I was, like, handing in or 
something that other people have to view. I’d 
like to refine it, but it's just like a brainstorm. 
That's what it is.” 
 

Most groups 
construct a new 
system map 
starting with a 
new topic then 
adding 
problems/solutio
ns and 
causes/effects 
 

Start with new topic 
then added ideas: Most 
groups constructed their 
system map from scratch 
starting with a new topic 
(different from their 
individual topics) that 
emerged from their 
conversations. The rest of 
their group system map 
focused on adding causes 
and effects and/or 
problems and solutions 
related to this new topic. 

 U11, U12, and U14’s group system maps: 
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U11: “Okay. So, I guess in the middle, we 
would have something like climate change in 
chemistry, or with that would, somebody 
prefer something else?” 
U12: “Yes, something like that.” 
U12: “Maybe we can have electricity and 
agriculture on opposite sides and then like on 
one axis, and then on another axis would be 
how they contribute to climate change. And 
then what are ways we can reduce their 
contribution to climate change.” U11: “All 
right. Yeah, I like the opposite idea that make 
things organized.” 
U12: “Maybe we can call it problems and then 
solutions on the horizontal axis here.” 
U11: “So problem, problems and solutions 
would be on the horizontal and then on the 
vertical we'd have electricity and land use.” 

 

U11, U12, and U14’s individual maps: 

Place system maps side 
by side and tried making 
connections: Other 
groups copied one or both 
participants system maps, 
placed them side by side 
and tried to make 
connections between the 
concepts. 

U15: “Okay. So, I was thinking like both of us 
have the carbon emission.” 
U16: “Right. Maybe we can like, because my 
central like idea is energy consumption and 
you can create a branch that says materials 
and then you can put like clothes, jeans, 
shorts, stuff, so I'm just going to move it to the 
middle or to copy yours to the board.” 
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U15 and U16’s group and individual system 
maps: 

   
Theme 4: Limitations to system map construction included: Time, knowledge, and 
technology skills 
Category Codes and description Exemplar quotes 

Time Creating a system map 
takes time: Participants 
run out of time to add to 
their individual system map 
before and after engaging 
with the simulation. Time is 
also a factor when creating 
the group system map. 
Participants mention they 
would add or make changes 
to their system maps if they 
had more time. 

Interviewer: “How did you decide to stop 
working on areas of your visual 
representation?” 
 
U9: “I think if I had more time, I would have 
developed it and added more things into it, 
because I don't think it's complete. There are 
many other things and the things that I 
included in my visual presentation, that 
should be included there. But I just didn't 
have the time to elaborate on it.” 
 
U5: “And then it's like, I also included GMOs, 
but I didn't have time to add to it.” 
U12: “I also did agriculture and land waste 
but obviously yours is a lot, a lot more 
detailed. me like over an hour to really make 
a good visualization.” 
 
U14: “I think I would have liked to connect, 
like electricity and agriculture together more. 
But I think time constraints that would have 
taken a lot more time. 
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G4: “I guess part of it was I ran out of time.” 
 
G2: “So I think our group visualization, we 
didn't have the time to really make it visual, 
we didn't put boxes.” 
 
G7: “... if I had more time, I would give it 
much more thought and came out with more 
connections and words.” 

Knowledge Knowledge limitations 
prevent expansion of 
system maps: Participants 
stopped constructing their 
system maps due to not 
being able to think of 
anything else to add. 
 

U3: “I did transportation too, it's pretty 
similar. The ones I have questions on them, 
just because like, obviously, I didn't want to 
do any, like research or just things I don't 
know necessarily.” 
 
U8: “Okay, so I choose agriculture as the 
topic. And I don't know a lot about it. But I 
put there what I know.” 
 
Interviewer: “How did you decide to stop 
working on areas of your visual 
representation?” 
 
U3: “It was mostly one, like, I couldn't really 
think of anything else to add to [the system 
map].”  
  
G4: “The other part, I think, I would just 
say… I kind of ran out of, I guess, 
knowledge, …like I said, most of this came 
just from conversations with people. So, it's 
like, I don't actually know that much about 
farming about watersheds and stuff like that. 
So…I just kind of wrote what I knew and 
connected it as best I could, but then I kind 
of didn't have much else to say.” 
 
G7: “I think it was just a matter of a quick 
response word, not coming to my head. So, I 
could have gone further but then I'll have to, 
it wouldn't be as quick, I'll have to actually 
stop and think further about it. And then I 
will run out of time.” 

Technology skills Problems with tools used 
during system map 
construction: Participants 
stopped constructing their 
system map because they 
had problems using the 
online interactive 
whiteboard tool (Miro). 

U9: “So mine is a mess. I just didn't know 
how to use [Miro]” 
 
G1: “I had a hard time with Miro. I am just 
like; I don’t know how this works. Hmm, let 
me. I am trying like…” 
 
Interviewer: “How did you decide to stop 
working on areas of your visual 
representation?” 
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G1: “Mostly when I was like, I don't have 
space in my square anymore. And Miro and I 
don't get along in the sense of like…I couldn't 
make things smaller.”  

 

8.3.2.2 S2.2 Additional theme from students’ experiences (not shared in the manuscript) 

Simulation helped 
shift participants 
perceptions about 
making 
connections in 
their system 
maps 

Helped participants think 
differently about making 
connections: Simulation 
helped shift participants’ way 
of thinking about tackling a 
problem to something more 
purposeful or helped see 
potential solutions for and 
connections to climate 
change. 

U18: “Yeah, like if that. Like, simulation is 
like 100% accurate. That's some serious 
misinformation that people have. Because 
like I, you know, I try to stay like informed, 
but I did not realize it was that big of a like 
that big of a difference.” 
U17: “Of course, it was shocking, to say the 
least.” 
U18: “…Like, yeah, clearing out the 
misinformation and trying to like, re-educate 
people on what is actually happening, like, 
with all of them, because I think it's like, 
really, like, painfully clear when you see it all 
together and how everything effects on that 
diagram.” 
 
U3: “I think that after looking at that 
[simulation], I kind of shifted towards a more 
like, environmentally friendly, thought 
process of it, kind of like what I was 
mentioning before, because before I was like, 
oh, this fuel is electric. There's diesel… But 
after looking at [the simulation], I kind of 
tried to add a little bit more on how we can 
change it.” 
 
G2: “So the reason why I added that was that 
it's only after looking at the [simulation] that 
I realized I was more focusing on pollution, 
rather than climate change. So, I added that 
the solutions I was proposing were mostly to 
reduce waste that we let go into the 
environment. Whereas the main focus here 
was actually climate change. And this is 
what I added on to the representation that, 
although solutions I was proposing don't 
directly relate to pollution into the 
atmosphere that changes climate, it does uh 
contribute somehow, through the processes 
we use to produce materials. It does release 
pollution into the environment that can 
contribute to climate change. And it also 
contributes to um exacerbating the damages 
pollution does in the environment, and um 
biodiversity and ecosystems. 
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U1: “It's just like mine is just focused on the 
problem, and what are the causes of the 
problem, but this simulation is more focused 
on the problem and a solution and what can 
be an extra problem.” 
 

Helped make more 
connections: Simulation 
helped participants identify 
connections between 
concepts. 

G7: “Okay, so the question is, how did I 
decide to make changes or add to my visual 
representation of visual information? 
Because I think, the from the simulation, I 
think the thing that jumped out most was 
the money and government aspect of it.” 
 
U12: “The biggest thing I got out of it is how 
the association between farmland and forest 
land.” 
 
G5: “And I guess what else do I have to say, 
yeah, with the, with the 2nd intervention or 
the second exercise, I basically just learned 
that there was a lot more components that I 
had originally thought of and like things like 
the forest, I didn't think of forests at all. And 
like CO2 emission like that has to somehow 
be quantified.” 
 

Helped recognize the 
feasibility of connections: 
Simulation helped 
participants recognize the 
feasibility of connections 
based on what is realistic or 
what is easy or not easy to 
change. 

G7: “I think [the simulation] changed more 
my perception of the visualization, I did, then 
actually changing the connections 
themselves, they just added a little bit more 
of, you know, like reality, instead of being 
you know all those you are easily connected, 
and I can easily change them. But it's not 
like, the reality is not that simple.” 
 
U12: “The biggest thing I got out of it is how 
the association between farmland and forest 
land. So …the basic idea is forests and beach 
land, or other natural, more natural habitats 
are carbon sinks that take carbon away from 
the from the atmosphere… However, it's not 
completely feasible to just …keep turning 
farmland back into more natural forest land, 
because, like I mentioned, we do have a 
growing human population. And um so it's 
not, it's not an easy problem to tackle.” 
 
G1: “Once I saw the simulation, I saw that 
like, okay, using natural gas for energy is not 
exactly the best option, either. And so…that's 
how I decided to change different things of 
like,… reusing the natural gas for energy will 
still affect the environment quite a bit. …If 
that's still going to happen, like how can I 
still better something and that's why I try to 
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focus on basically transportation of goods, 
almost kind of like almost switching the 
concept I was working on.” 

8.3.2.3 S2.3 Student perspectives codebook 

RQ2: What are undergraduate and graduate student perspectives of systems 

thinking tasks in chemistry education? 

Theme 1: Participants believed that systems thinking is beneficial for learning. 
 
Definition: Systems thinking (ST) may help students gain a better understanding of chemistry 
and its application to the real world, including connecting ideas and phenomena. ST gives a 
greater purpose to learning and allows students to engage in critical thinking. 
Category Codes and description Exemplar quotes 

Helps students 
with connections 

ST helps students 
understand how and why 
ideas are connected. 
Participants mentioned they 
think ST can help other 
students understand how 
and why ideas are connected 
and how concepts can 
influence other connects. 
Additionally, participants 
believed students would have 
a better understanding of the 
topics and how they connect 
to chemistry  

ST question: How might a systems thinking 
activity affect students’ perspectives towards 
chemistry? 
 
Responses: 
G7: “Observing how things are connected 
both within a similar group (types of fuel) 
and between very distinct things 
(combustion, release of energy, breathing) 
may help students to connect concepts in 
chemistry, specially between disciplines 
(organic, inorganic, biochem, material 
science, etc.).” 
 
U9: “Well first of all, they won’t hate it 
anymore, but more broadly they would be 
able to comprehend the reason behind why 
things happen the way that they do, under 
what circumstances and what would happen 
if we were to remove them.” 
 
G2: “They can see the big picture and 
understand the role of each element in the 
system, i.e. how concepts in chemistry can 
culminate into something useful for society.” 
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Physically making 
connections between 
concepts is helpful. From 
the interview, one participant 
mentioned their experience 
with the ST tasks was good 
because physically making 
the connections between the 
concepts was very helpful to 
them. 

Interview question: How was your overall 
experience when creating visual 
representations from a chemistry context? 

 
Response: 
U12: “Umm it was really good because some, 
in a sense, we, like, I know that all these 
concepts are connected but having to 
actually physically make the connections 
between the concepts was, was very helpful. 
And um again, focusing on the chemistry 
side of things I, it made, it made it more 
apparent how chemistry is um very essential 
in almost every step in almost every 
connection, whether between farmers putting 
chemicals into the farmland, or what 
chemicals are produced in the farming 
process, and maybe chemicals even in, in the 
food that we eat umm. So yeah, definitely 
very helpful. Putting ideas into uh into a 
visual representation.” 
Interviewer: “Can you elaborate what you 
mean by helpful?” 
U12: “helpful in terms of making connections 
clear and um basically making things clear, 
and um really highlighting um where 
chemistry shows up and all of these 
processes.” 

Helps students 
with learning 
chemistry 

ST helps students better 
understand chemistry and 
its applications to the real 
world. Participants believed 
ST can helps students relate 
real life concepts to concepts 
shown in chemistry 
including chemistry’s 
applications to the real 
world. Additionally, 
participants believed ST 
could help students make 
stronger connections and 
gain a better understanding 
of the chemistry content. 

ST question: How might a systems thinking 
activity affect students’ perspectives towards 
chemistry? 
 
Responses: 
U14: “Systems thinking activity could help a 
student make stronger connections and 
deeper understandings in chemistry.” 
U8: “A well-known knowledge of systems is 
essential for students to know how to deal 
with chemical sciences in the macroscopic 
and microscopic terms and to evaluate it as a 
whole. 
U2: “A systems thinking activity may affect a 
students' perspective towards chemistry 
because it helps them relate concepts that 
they are able to apply in real life to concepts 
showed in chemistry. This helps those 
students who find chemistry challenging gain 
a better understanding of the material being 
taught to them.” 

ST gives students a sense 
of purpose or importance 
when learning chemistry: 
Participants believed ST can 
make chemistry learning 
have a greater purpose and 

ST question: How might a systems thinking 
activity affect students’ perspectives towards 
chemistry? 
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show the importance of 
chemistry as it relates to 
problems in their lives. 

Responses: 
U12: “It would show the importance of 
chemistry as it relates to problems that affect 
our lives.” 
U3: “It may make learning have a greater 
purpose to it. Often people are discouraged 
to learn about things that they "won't" need 
in the future and so knowing the importance 
of learning these things to an ongoing crisis 
is definitely an encouragement.” 

Allows students 
to engage in 
critical thinking 

ST promotes critical 
thinking. One participant 
stated systems thinking 
promotes critical thinking 
and believed brainstorming 
can encourage students to 
think outside the box 

ST question: How might a systems thinking 
activity affect students’ perspectives towards 
chemistry? 
 
Response: 
U16: “It promotes the critical thinking ability 
of the students. The brainstorming phase 
helps student to explore in in-depth thinking 
and encourage them to think outside the 
box.” 

 

Theme 2: Participants believed that systems thinking helps students gain interest and 
engagement. 

 
Definition: Systems thinking (ST) may be more engaging for students. Additionally, learning 
chemistry through ST activities is more interesting for participants and may be more interesting 
for other students as well. Participants who engaged in the interviews mentioned they had an 
overall enjoyable experience. 
Category Codes and description Exemplar quotes 

Helps student 
engagement 

ST may help engage 
students. Participants 
believed that ST may make 
chemistry more interactive 
and engaging for students.  

ST question: How might a systems 
thinking activity affect students’ 
perspectives towards chemistry? 

 
Responses: 
U5: “It can make it more interactive and 
engaging for students which would help 
them find it more exciting.”  

 
G5: “Positively, it may help engage 
students” 

Helps students’ 
gain and identify 
interests 

ST helps students gain 
interest in chemistry. 
Participants stated that 
students will find chemistry 
more interesting or will not 
hate chemistry after engaging 
in ST activities. 

 
 

ST question: How might a systems 
thinking activity affect students’ 
perspectives towards chemistry? 

 
Responses: 
U9: “Well first of all, they won’t hate it 
anymore…” 

 
G4: “I think they might find it more 
interesting - especially students who aren't 
super interested in chemistry, but have to 
take it as an elective, to see how it can fit 
into what they're doing.” 
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ST can help students identify 
their interests. Participants 
stated ST provides students 
the chance to capture their 
interests such as identifying a 
field of study/career they are 
interested in. 

ST question: How might a systems 
thinking activity affect students’ 
perspectives towards chemistry? 

 
Responses: 
U10: “It may provide a student with the 
thinking necessary to narrow down on a 
field they are interested in, by providing 
them with the knowledge of options of how 
many applications chemistry has in the real 
world.” 

 
G8: “Not every student is passionate about 
the same things. By offering different 
systems in which they could participate in 
solvent a conflict, you have more chance of 
capturing their interest because they can 
grasp on the one system they feel more 
passionate about.” 

Interest/ 
enjoyment from 
engaging with ST 
activities 

Participants had an overall 
enjoyable experience with 
ST activities. In interviews, 
participants mentioned their 
experience was good or fun or 
that they liked the entire ST 
intervention. 

 

Interview question: How was your overall 
experience when creating visual 
representations from a chemistry context? 

 
Responses: 
U3: “But yeah, um, my overall experience, 
it was good.” 
G2: “I think it was a good experience.” 
G4: “I liked it. I thought I thought it was 
fun to do and to just kind of a mess around 
with like thinking about things in a 
different way.” 
G7: “It was very fun. Actually, it was, I 
think was better than just listing items. I 
was able to dig deeper and it kind of gave 
me a new perception of how my brain 
works.” 

Interest captured from ST 
activities. From a response to 
an interview question, one 
participant mentioned it was 
nice and interesting to hear 
about more specific reactions 
in chemistry from their group 
member. Another participant 
mentioned they found it 
interesting identifying how 
they view their own 
connections. 

Interview question: How was your overall 
experience when creating visual 
representations from a chemistry context? 

 
Responses: 
G4: “I think it definitely was nice to hear 
about, like kind of more specific reactions 
and aspects, I guess that he was thinking of 
in context, in a larger scale context that 
kind of made it a bit um, I feel bad saying 
more interesting, I still think it's 
interesting, but like, I find it easier to like 
engage with it when it's in a context kind of 
thing.” 
G7: “I guess I changed how I view my own 
connections. And that was very interesting. 
I learned a lot from it. about myself, I 
guess.” 
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Theme 3: Participants believed ST allows perspectives to be shared and gained. 
 
Definition: Systems thinking allows students to share perspectives and ideas with other and gain 
new perspectives about themselves. 
Categories Codes and description Exemplar quotes 

Allows 
perspectives to be 
shared and gained 
  

ST offers opportunities to 
share new ideas, 
perspectives, and 
insights: Some participants 
believed that ST provides 
students the opportunity to 
look at different 
perspectives, ideas, 
insights, and all factors 
involved. 
 

ST question: How might a systems thinking 
activity affect students’ perspectives towards 
chemistry? 

 
Responses: 
U11: “Systems thinking encourages a safe 
space to offer different perspectives and 
insights, a rather important aspect of learning. 
Collaborative activities endow one with the 
opportunity to hear and be heard, thus 
clarifying ideas through articulation.” 
U18: “it can influence student's perspective by 
offering a holistic approach by looking at all 
factors involved - also can influence bias/ or 
open up new ideas to people depending on the 
information/ perspective presented.” 

Participants’ gain 
new perspectives 

ST activities gave a 
participant a new 
perspective about how 
they think. In an 
interview, one participant 
shared that they liked their 
experience with the ST 
tasks because it gave them 
a personal gain by 
understanding how their 
brain works and how they 
view connections. 
 

Interview question: How was your overall 
experience when creating visual 
representations from a chemistry context? 

 
Response: 
G7: “It was very fun. Actually, it was, I think 
was better than just listing items. I was able to 
dig deeper and it kind of gave me a new 
perception of how my brain works. Like, it 
looks like a picture of part of my brain, like 
how everything is out of place, but it's still 
like, closely related in a weird manner. That 
was very good. Like, I would love to do that. 
Again, it was very fun…And I know I'm helping 
you with your study, but it actually just gave 
me a little personal gain. I guess I changed 
how I view my own connections.” 

 

Theme 4: Participants believed systems thinking provides personal, social, and professional 
relevance. 
 
Definition: Systems thinking allows participants to view possible professions (personal relevance), 
clarifies chemistry’s purpose in human and social issues (social relevance), and makes connections 
to their personal lives (personal relevance). 
Category Codes and description Exemplar quotes 

Provides personal 
relevance 

ST makes participants 
thinking about chemistry’s 
importance and role of 
climate change to their 
lives. One participant 
believes that ST would show 
the importance of chemistry 

ST question: How might a systems thinking 
activity affect students’ perspectives towards 
chemistry? 

 
Response: 
U12: “It would show the importance of 
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relating to their life. Other 
participants who participated 
in the interview shared 
perspectives of chemistry’s 
importance and their role in 
fighting climate change. 

chemistry as it relates to problems that affect 
our lives.” 
 
Interview question: How was your overall 
experience when creating visual 
representations from a chemistry context? 

 
Responses: 
U9: “I think it was just an eye opening. You 
know, like, I already knew the fact that 
they're there. I knew them, I believed in 
them, but like, I never actually brought them 
to my conscious mind to actually look at 
them and say, like, chemistry is there, this is 
actually like, it's not something you just 
believe in… But actually, doing this um, this 
visualization intervention, or this research 
project, like it was actually an eye opening 
and it just like kind of like, it was a snap this 
is actually happening and like, you need to 
give it further thought. Because if not now, 
when?” 
 
G1: “And I think it also goes back to you 
know, like, talking about climate change and 
all that and chemistry where we do make a 
lot of waste here. And… we don't use the 
cleanest solvents, so it kind of just got me 
thinking, what me as a human can do to 
help fight climate change, like as a human, 
but there's also like, I have to kind of look 
elsewhere. Like, how can I do this as a 
chemist and like, as an organic chemist? 
How can like fit the little things I do in the 
lab to help? So that kind of got me thinking 
like, what else can I do other than just like 
as a human, but also as a chemist?” 

Provides social 
relevance 

ST helps students identify 
the need to take action or 
create solutions to issues. 
Participants believed that ST 
could help students identify 
things that are impacting 
climate change so that take 
action to make chemistry 
more sustainable or work 
towards solving the issue. 
 

ST question: How might a systems thinking 
activity affect students’ perspectives towards 
chemistry? 

 
Responses: 
G1: “to take a moment to see how your 
research might affect the world and maybe 
take some actions to make your chemistry a 
bit more sustainable.” 
 
U17: “A young mind holds the potential to 
understand current underlying issues about 
the climate change so making them 
understand the different types of things that 
are greatly impacting the change can be 
beneficial as they can work towards solving 
and resolving the issue. System thinking's 
core is that of chemistry so when someone 
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wishes to understand things through system 
thinking they think it through the aspect of 
chemistry and various aspects surrounding 
chemistry.” 

Provides 
professional 
relevance 

ST helps students consider 
future career opportunities 
or interests: Participants 
believed ST activities will 
help students identify 
alternative career paths and 
identify fields they may be 
interested in. 

ST question: How might a systems thinking 
activity affect students’ perspectives towards 
chemistry? 

 
Responses: 
U10: “It may provide a student with the 
thinking necessary to narrow down on a field 
they are interested in, by providing them 
with the knowledge of options of how many 
applications chemistry has in the real world.” 
 
U4: “This may help a students’ perspective 
by linking chemistry to real life niches and 
careers, letting them know that taking 
chemistry doesn't necessarily have to lead to 
either researcher or engineer.” 

8.3.3 S3. Additional Results, Discussion, and Implications 

8.3.3.1 S3.1 Participants made chemistry concepts and connections despite having difficulties. 

Additional finding: One participant mentioned that they found it easier to create concepts 

at a larger scale than a molecular scale based on their prior knowledge (Figure 1). 

 

Figure 1. G4 quote. 

Additional discussion and implication: In the context of climate change, prior research 

has found that students across all levels struggle to grasp climate science concepts due to the 

inherit complexity of the climate system and the multidisciplinary content knowledge required 

to understand and articulate key concepts in climate science.14–16 In terms of chemistry 

concepts related to climate change, one study found that undergraduate students have 

difficulties understanding the particulate-level of greenhouse gases, making it challenging to 

understand the mechanism of the greenhouse effect and connections to the impact of 

increasing carbon dioxide concentration and climate change.14 If such connections are the goal, 

then educators need to explicitly help students make connections between molecular and 

G4: ”I definitely had an easier time with this coming up and looking at the large-scale things as opposed to on a 
molecular level. And I think that mostly just comes from, like what I was saying before, my knowledge comes from 
what my dad was doing, what my brother was doing. And they don't talk about molecules in what they do. So 
those thoughts just kind of came from discussions with family members.”
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particulate level chemistry concepts and climate change, and there have been a number of 

resources created to help educators achieve this.14,17–22 

Figure 1 highlights that participants may not have had the opportunity to learn about the 

scientific and molecular connections to climate change, considering where participants gained 

their prior knowledge on the topic. 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 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 chemistry curricula is still being taught in many chemistry courses 

emphasizing students’ understanding of disciplinary concepts.23–25 Often, this curriculum does 

not allow students to engage in activities and discussions about relevant personal, societal, or 

environmental problems,23,26 and learners are taught disciplinary knowledge and skills 

independently from how they are integrated into everyday practice.27 This approach often leads 

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.27–30  

Universities and chemistry organizations recognize changes to chemistry curricula are 

needed in order to adequately prepare the next generation to face 21st century challenges such 

as, climate change.25,31,32 Chemistry educators have also been advocating that curricula needs 

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.25,33–35 As 

students gain proficiency in learning skills (e.g., ST) in one context, they will gain maximum 

benefit if they can identify, articulate, and transfer these skills to new contexts,36–39 an aspect 

of metacognition.40–43 When implementing a ST activity in a chemistry course, in the context of 

a specific global issue, it is essential that the educator (1) explicitly highlights the role that 
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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.  

8.3.3.2 S3.2 System maps emphasized problems/solutions and causes/effects and differed in 
terms of organization and the intended purpose 

Additional findings and discussion related to organization of system maps:  

Of the participants who added causes/effects and problems/solutions, some participants 

organized their system maps starting with their main topic, creating branches to subtopics, 

and then adding ideas based on these subtopics. One of these participants described this 

organizational approach in an interview but it was not visually evident in their system map 

(Figure 2). The remaining participants organized their system maps starting with their main 

topic and then added ideas related to this topic (no explicit branching into subtopics); most 

indicating that their system maps lacked organization. 

 

Figure 2. U9 quote and individual system map. 

Three of the twenty-six participants used a different approach for constructing their individual 

map by adding concepts about climate or their topic of interest. These participants constructed 

system maps starting with an overarching topic (e.g., chemistry, climate change, 

U9: “I didn't explain it very deeply like in my visual representation. I chose something that looks similar to the carbon 
footprint and then like this with this big square would be representing the carbon foot and then like their fingers the 
biggest finger would be be the biggest greenhouse that has the greatest effect on the climate and because that one 
that causes the most global temperature change in the world, CO2 and then H2O which is kind of a very big one…And 
then I said, the little finger on the little circle would be the other greenhouse gases, although they have a lot of effect, 
but the CO2 and H2O are the one of the biggest two. And then I divided this into the different things that I thought 
would have the greatest effect on the climate change. The biggest one, my biggest section is electricity and fuels. 
Now, if we were to take these to the other, what five or six things they will cease to exist, because like, if we don't 
have electricity, a lot industries won't be able to run, we won't have a lot materials to work with, or very little 
material, which will cause very little waste. We don't have industries or trucks or, or electricity, we won't have trucks 
and or cars. So, it's kind of like all interrelated... So, they're connected to the H2O and the CO2 and fuels as well…”
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transportation). Ideas were added that related to that topic, with no emphasis on causes or 

effects and merely descriptive connections. It is possible these participants thought of the 

causes and effects of the concepts they added but were not explicit in adding this to their 

system map or through their explanations.  

Surprisingly, there were a few situations where participants indicated their system map started 

as disconnected, but during the process, they realized they were starting to make multiple 

connections to one concept. This suggests that students engaged in metacognitive processes 

during the ST activity by consciously reflecting on the process of constructing their system 

map.  

We found that using both system maps and verbal explanations gives a better representation of 

participants’ thinking. In most cases, participants explained more connections and concepts 

verbally compared to concepts and connections shown in their individual and group system 

maps. In a conversation between U17 and U18, they discussed the causes and effects that they 

learned from the simulation and how this information was different from their prior knowledge 

and beliefs, leading to a conversation on misinformation and re-education. However, the new 

connections they made through their conversation could have been better represented in their 

group system map (Figure 3). 
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Figure 3. Example of system map constructed by U17 and U18 and their conversa5on discussing misinforma5on and re-

educa5on. 

IPT connection to organization of system map findings: 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 organize their map based on subtopics. 

Therefore, participants with well-organized knowledge of climate change 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. Perhaps participants with 

less organized prior knowledge of climate change could be less able to identify these relevant 

features to their topic, ultimately finding it more difficult to organize their system map and 

identify interconnections.  

Implications to teaching: In our study, we showed how students approached these ST tasks 

naturally with minimal prompting so that we could gain a better understanding of their 

U18: “I think the big thing we were just talking about is when 
you look at the resources telling you to live a greener life, 
people are really pointing to, the most obvious you think of 
are like, greener cars… So I think it's re-informing people, you 
know, maybe choose the solar panels.”

U17: “Clearing up some misconceptions that we had, because 
honestly with the way they show things we would think that 
transportation holds a bigger part in everything else, but kind 
of doesn’t.”

P18: “Yeah, I think it would definitely be about … clearing out 
the misinformation and trying to re-educate people on what 
is actually happening because I think it's painfully clear when 
you see it all together and how everything affects on that 
diagram (Design Our Climate Simulation).”

P17: “Yeah, people just need to know that energy and 
electricity holds more impact than transportation.”

P17: “Okay. I like your organization better. So maybe we'll 
incorporate that and just kind of put examples in justification 
below it?”

P18: “Yeah, should we like rearrange cause we’re talking 
about a lot like new information and informing people. 
Should we start with that?”
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baseline ST skills and experiences. Our findings indicate a greater need to teach students how 

to approach system map construction when planning to 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).34 When using 

SOCMEs in a ST activity, educators could first prompt students to construct subsystems 

related to a global issue they wish to investigate, then prompt students to think about the 

concepts that make up each subsystem at different levels of granularity (e.g., molecular level). 

Finally, students can consider how those concepts influence or are influenced by other 

concepts in different subsystems to create interconnections. Other researchers have mentioned 

that it may be useful for educators to show students versions of SOCMEs and the process of 

constructing them to help students understand how to connect their chemistry learning to 

broader scientific topics.44 

Additional findings and discussion related to intended purpose:  

In some cases, participants’ intended purpose of constructing their system map limited the 

number of concepts or connections 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 (Figure 4). 

 

Figure 4. Undergraduate student 3 (U3) quote. 

Complementing these findings, we found that using both system maps and verbal 

explanations gives a better representation of participants’ thinking than constructing system 

maps alone. In most cases, participants explained more connections and concepts verbally 

compared to concepts and connections shown in their individual and group system maps. 

Participants can make more connections than what they included in their system maps; 

therefore, the purpose of constructing a system map needs to be explicit for the learner and 

U3: “One of the topics was electric, like vehicles, I could probably make a whole flowchart about that, but I 
didn't want to go too specific into things that weren't necessarily about, like transportation directly. I didn't 
think that's where you guys wanted us to kind of go with this. I thought, like, we're talking about transportation 
and related with other things as well. So yeah, I just kept it broad.”
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students’ ST skills should not solely be assessed based on the construction of system maps. 

Previous studies have demonstrated that system maps and SOCMEs can be used to teach 

chemistry content in secondary and post-secondary settings, but implementation comes with 

several limitations for both educators and students (e.g., difficult to show and quantify ST 

skills).45, 46–48 Therefore, ST skills require multiple forms of assessment which can include 

system maps, written and verbal responses as shown in our study.45 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. 

8.3.3.3 S3.3 Systems thinking provided personal, social, and professional relevance 

Implications for teaching: Our findings show the potential for ST to make connections that 

are relevant to students personally, socially, and professionally. When students can connect to 

their personal lives when learning chemistry, they may be more motivated or interested in 

learning the course content. A study on students’ perceptions of socio-scientific instruction 

using ST tools similarly found relevance as a key theme.49 However, they suggested that 

introducing relevant context alone does not guarantee a productive learning experience.49 

Therefore, a ST approach needs to include opportunities to leverage students’ other long-term 

individual interests as students’ can gain more knowledge and see more value when chemistry 

content is explicitly connected to these interests.49 

8.3.4 S4. Systems Thinking Interview Questions 

The following questions ask students to reflect on their experiences constructing system 

maps individually and collaboratively, including their perspectives about engaging with the 

tasks. 

Refer to Task 1 

Q1: Is there any significance behind the topic you chose? (Show participants google form 

responses) 
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Q2: Please explain how you came up with these ideas/concepts? (Show participants google 

form responses) 

Q3a: How did you decide to add onto areas of your visual representation? (Show participants 

visual representation on Miro) 

Q3b: How did you decide to stop working on areas of your visual representation? 

Q3c: How did you organize your visual representation? 

Q4: Explain how this concept connects with this concept? 

Note: Interviewer focused on distinct, interdependent levels of organization. Choose one 

concept at one level of organization (submicroscopic) as well as one concept at another level of 

organization (macroscopic) 

Q5: Can you please explain your thought process to your response for Question 5a and 5b? 

(Show participants google form responses) 

Refer to Task 2 

Q5: How did you decide to make changes or add on to your visual representation based on the 

information you gained from the simulation? 

Refer to task 3 

Q6a: How did your experience differ in the group setting when connecting your visual 

representations together compared to when you completed the tasks individually? 

Q6b: What visual representation do you think is better (individually- or group-created)? Why? 

Q7a: What new perspectives did you have about climate change and/or chemistry when 

collaborating with your group? If any?  

Q7b: How did your perspective about climate change and/or chemistry change? 

Q7c: Is there anything you would add, remove, or change to your individual visual 

representation after participating in the group task? 

Refer to entire ST intervention 

Q8: How was your overall experience when creating visual representations from a chemistry 

context? 
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Q9: Is there anything else you would like to discuss/share that we didn’t cover in the 

interview? 

The interviewer asked follow-up questions when the interviewer needed further clarification on 

a response from a student. 

8.3.5 S5. Systems Thinking Intervention/Activities 

Task 1 

Question 1. Choose a topic of your choice that you want to investigate. 

• Electricity 
• Materials 
• Buildings 
• Land Use/Agriculture 
• Transportation 

 

Question 2. List as many ideas/concepts (e.g., objects, phenomena, processes, behaviors etc.) 

in one word or phrase that may relate to your topic of choice and/or personal experience. 

 

Question 3. Using the Miro link [insert Miro link] and the features provided in Miro, create a 

visual representation (e.g., a diagram, concept map, illustration/graphic etc.) of interconnected 

relationships between the ideas/concepts from Question 2.  

(https://miro.com/login/) 

 

Question 4. Use your chemistry knowledge to incorporate chemistry concepts into your visual 

representation. Please include different levels of granularity. For example, focus on things that 

are visible and touchable as well as focus on the molecular level (molecules themselves) 

 

Question 5a. Imagine that you remove the second idea/concept listed in Question 2. How does 

removing the second idea/concept impact the rest of your visual representation? 

 

Question 5b. Why does removing the second idea/concept impact the rest of your visual 

representation? 

Task 2 

Question 1. Please take 5 minutes to explore the Design Our Climate (DOC) simulation 

(https://applets.kcvs.ca/DesignOurClimate/DesignOurClimateSim.html) on your own and 

write down any relevant information for your visual representation in the space provided below. 

 

https://miro.com/login/
https://applets.kcvs.ca/DesignOurClimate/DesignOurClimateSim.html
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Question 2. Please watch a short 3-minute DOC introduction video on how to navigate through 

the DOC simulation. 

(https://youtu.be/cXzqmF2JoSQ) 

 

Question 3. Continue to explore the simulation and write down any relevant information while 

using the simulation in the space provided below. Additionally, continue to make connections 

to chemistry. Use this information to expand your visual representation as much as possible. 

You can refer back to the DOC simulation as needed when expanding your visual 

representation. 

Task 3 

Question 1. You will now be placed in a group of 2 or 3 people in Miro. Please assign one 

person in your group to record your group conversation using the zoom recording feature in 

your breakout room. At the end of task 3, upload the recording to [link]. Note: If planning to 

implement this activity in a class, you can skip this zoom breakout room and recording step. 

Recording was used for data collection purposes in our study. 

 
Question 2. Please share your visual representation with each group member (each group 

member will explain their visual representation in ~2 minutes) 

 

Question 3. Please answer this question individually. Identify any similarities and differences 

between each visual representation. Please write your response in the space below. 

 

Question 4. Find a way to connect each visual representation into one larger visual 

representation on Miro. 

 

https://youtu.be/cXzqmF2JoSQ
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Question 5. Please discuss the following question as a group. What is different about the visual 

representation that you made through discussions than just setting your individual systems 

side by side? 
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