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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,
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 post-secondary chemistry educators from ten different countries,
to capture chemistry educators’ perspectives towards a STICE approach. Through thematic
analysis of responses, we found that educators’ willingness and ability to implement STICE is
influenced by their knowledge, beliefs, experiences, contextual and personal factors. We discuss
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.
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Chemistry is critically involved in tackling complex challenges, such as those prioritized with
the United Nations’ Sustainable Development Goals (SDGs),%? which include climate change
and good health.3® However, current approaches in chemistry education often lack the
connections to other disciplines and global issues, particularly in large enrolment courses and
on assessments.” In many courses, facts are learned in silos where emphasis is placed upon
detailed descriptions of fundamental, yet narrow, principles.®-1° 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.>8°

Building the capacity to achieve the SDGs and expectations of a 21°t 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.’
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.26363

Research on ST in other disciplines suggests there would be strong benefits for introducing
systems thinking in chemistry education (STICE).**"*> However, rigorous educational research is
needed to determine effects and impacts of STICE approaches.® 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 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 instructional
change, based on extensive research at the secondary and postsecondary levels (e.g.,
educators’ ability to make course or program changes).?'=23 Additionally, beliefs held by
educators about teaching and learning and their own abilities influence their adoption of new
pedagogy.?4?°

There are currently few ST teaching resources available and limited methods for assessing or
measuring ST competencies.>'®'” None of these assessment methods have been validated and



are not designed to easily implement in large classes, such as first year chemistry university
courses.? 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.’®2° 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 towards 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

We adapted the Teacher-Centered Systemic Reform (TCSR) Model to address the
implementation of ST by chemistry educators.?* This model positions educators at the center of
educational reform by placing 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. ). For educators to enact a ST approach,
educational reform efforts need to consider the interconnectedness between domains in the
model.
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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.

Methods

Instrument for data collection

We developed a three-part questionnaire to capture educators’ perspectives. Part 1 of the
guestionnaire 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 eleven educator/educational barriers aligned with the four factors 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 an operational definition and characteristics of STICE and asked educators to choose a
category that best represented their experience with STICE.®2722 The options were: (1) | have
not implemented ST into the course(s) | teach, (2) | have implemented ST into the course(s) |
teach, or (3) | have implemented ST principles into the course(s) | teach. Categories 2 and 3
were designed to distinguish educators who explicitly (2) and implicitly (3) implement STICE.
The categories were designed to guide participants to answer several open-ended questions
related to their experience and perspectives on STICE based on the category chosen, requiring a
written response. Educators who had experience with STICE were asked to identify which
aspects of STICE they incorporate into their courses. We further 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 Supplementary 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
non-binary, 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

The data qualitative analysis involved transcribing and analyzing the open response data in
detail, using well-established educational research methods (details in SI). From that analysis,

key themes emerged. We addressed the validity of the findings using well-established methods.
29,30

The quantitative analysis was carried out 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. We used a Spearman’s rank
correlation test to determine any relationships among these factors.3! 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.

Results and Discussion

"7 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 of
integrating 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.
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Figure 2. Educators' likelihood of integrating STICE into their course(s) (N = 55)

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.3?33

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.34

Educators were likely to implement STICE due to their experience, beliefs, and feelings
towards 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).
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Figure 3. Factors that influence educators’ willingness to implement STICE.

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 (S, Table 2). 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 (SI, Table 2). 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.323> While these findings represent positive perspectives on STICE, not all educators’
beliefs were positive about the importance of implementing STICE. For example, 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, 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 pre-requisite 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) (S, Figure 4).

Educators’ role—another personal factor—had an influence on educators’ ability to
implement STICE (n = 9) (SI, Table 5). 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 co-taught 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 (SI, Table 5). Specifically, social
pressure from colleagues was reported to restrict educator’s 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.36:3’

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 between 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 (S, Table 3).38

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 educator’s
reported low level of knowledge of STICE (SI, Figure 2). 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 educators would need to implement STICE. Based on 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 demonstrating how to facilitate and integrate ST approaches to
chemistry courses.?

Experts and policy makers may find the adoption of educational change models to be helpful
in guiding future direction of the STICE.2%253¢ 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 have experience with STICE without knowing or specifically
calling it ST

While there was a range of STICE definitions from participants, six important characteristics
of STICE emerged from their definitions: (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 behaviours and outcomes,(5) ST involves understanding and analyzing complex systems,
and (6) STICE recognizes that systems are embedded in chemistry.

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. Fifteen participants who reported little or no
knowledge about STICE had no experience with implementing STICE, while sixteen 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 on 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 limit their ability to implement STICE into a course.
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Figure 4. Educators’ self-reported knowledge of STICE before receiving a STICE definition and educators perceived experience
after receiving STICE definition.

Considering that over half of the participants claimed they had little to no knowledge on
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 pedagogy. For
example, one participant recognizes 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 on 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

We were able to confirm our hypothesis, “educators may have experience with STICE
without knowing or calling it ST”, by looking at how educators describe how they implement or
how they plan to implement ST into their course(s).

Four categories emerged from participants’ responses: (1) 54% emphasized specific
characteristics of STICE (e.g., focus on holism/bigger picture when teaching chemistry, teach
causal behaviours of a system, and teach chemistry contexts within real-world context), (2) 18%
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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% don’t explicitly state how they implement STICE.

Thematic analysis revealed that educators primarily implement aspects of STICE in the
following ways, (1) teaching chemistry with emphasis on societal and/or environmental
context, (2) incorporating real world connections 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).

Participants’ responses show they incorporate real world connections of chemistry into their
course(s) and report that they incorporate other characteristics of STICE into their course(s) but
don’t explicitly describe how they incorporate these other characteristics. This poses the
question, “How do we know if educators are using a context-based approach rather than a
STICE approach?”.

Systems Thinking Context-based

learning
* System as a whole * Students engage in high
* Relationship between Main level interaction
parts similarity: community
* Causal variables Chemistry in » Addressing chemically
* Behavior over time context important concepts
* Examining and analyzing * Using chemistry-specific
complex systems language
* Building on prior
knowledge

How educators in this study consider they are implementing ST

Figure 5. Similarities and differences of system thinking approaches and context-based learning.?® [Permission to adapt figure
received by ...]

While ST and context-based pedagogies share characteristics, there are important
differences (Figure 5).28 While context-based learning has been shown to have benefits to
chemistry education,3°*3 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.

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). Therefore, efforts are needed to bridge knowledge of
STICE and implementing STICE in their 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.? Results of these efforts will help educators distinguish similar teaching approaches
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(e.g., context-based, problem-based, and inquiry-based learning, life cycle analysis, and multi-
variate 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 educator/educational barriers

Educators reported the extent of educator and educational barriers for implementing STICE
into their course(s) (Figure 6). 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 limited sample size, we were unable to proceed
with conducting a regression to test this hypothesis.

Educators' expertise in ST %

Limited time to teach ST skills to students

Limited time to learn how to facilitate ST approaches
Limited teaching resources presently

Limited assessment tools

Limited flexibility within the curriculum %

Limited research-based evidence of success of STICE
Educators' comfort level with implementing ST
Teaching ST takes away from depth in chemistry

Educators' flexibility for implementing a new teaching approach

Educators' expertise in chemistry

Percentage of participant responses (%)

# Unsure M Not at all a barrier A slight barrier ®m A moderate barrier WA large barrier ® A complete barrier

° = Approximate weighted averages

Figure 6. The 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. **

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 barrier towards implementing STICE. To date, there have
been several webinars on STICE;* however, educators report they want hands-on STICE
experiences (S, Table 6).
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Limited evidence-based research is considered a moderate barrier, understandable since
little evidence is currently available about the effectiveness of the STICE approach.? 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 why flexibility for implementing STICE may be
perceived as less of a barrier is because generally, participants have a high level of flexibility for
implementing new teaching approaches (SI, Figure 1).

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 on STICE.

We hypothesize educators’ level of experience with implementing STICE may influence the
extent of each barrier. Two of the eleven educator/educational barriers showed a significant
relationship with educators’ experience with STICE. These educator barriers were: limited time
to teach ST skills to students (H(2) = 7.504, p = 0.023, Er? = 0.1501, medium effect size) and
educators’ comfort level with implementing STICE (H(2) = 6.511, p = 0.039, E£z? = 0.1356 (small
to medium effect size)) (S, Figure 10). 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.

Educational change models will likely help overcome these barriers to implementing STICE. A
focus on educating educators on STICE may help educators understand how ST might impact
the depth of content coverage in chemistry and might influence 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 towards educators’ knowledge and
contextual factors may result in more concerted efforts by chemistry educators to implement
ST into their teaching practice.

Conclusions

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’ knowledge of and
perspectives about STICE, in order to inform departmental, institutional, and administrative
initiatives to implement STICE.

We found that educators’ knowledge (i.e., low level of knowledge on STICE), contextual
factors (i.e., willingness depends on availability of teaching resources, curriculum coverage,
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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 towards 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 consider that they implement 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, the rating of educator/educational barriers by participants indicates that some
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.
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