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Abstract
Concept map (CM) is introduced as a useful tool for studying students’ system thinking 
(ST). However, it is more known to represent students’ knowledge of system components 
and organization and less recognized as a tool to examine and enhance students’ under-
standing about the underlying causal mechanisms in complex systems. In this study, 
through a mixed method approach, we investigated the potential of CM in demonstrating 
undergraduate students’ (n = 173) ST. We also conducted a comparative analysis to exam-
ine the effects of different scaffolding on developing students’ ST skills. Through a theo-
retical framework of causal patterns, we present a new perspective on what CM reveals 
about students’ ST and what are its limitations in showing system complexities. The results 
indicated that CM can provide a platform for students to practice causal mechanisms such 
as domino, mutual, relational, and cyclic causalities, and accordingly, work as a tool for 
teachers to examine students’ knowledge of such mechanisms. The results also showed that 
students improved in demonstrating ST by CM when they were scaffolded for showing 
causal mechanisms and building CM. Eventually, this study concludes that the CM is a 
highly relevant tool to increase and examine students’ ST skills. To this end, we found it 
is important to explicitly teach students about causal patterns and guide them to construct 
CM with an emphasis on showing the interconnection among concepts.

Keywords  Concept map · System thinking · Scaffolding system thinking · Complex system 
education · Causal mechanisms

Introduction

Every day, we encounter complex problems ranging from disease epidemics and envi-
ronmental issues to novel challenges raised by social media. Addressing such problems 
requires system thinking (ST) skills. ST is the ability to conceptualize complex systems 
and problems and involves understanding the dynamic interrelationship between system 
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components and the patterns and behaviors emerging from them (Hammond, 2017; Mead-
ows, 2008).

The significance of ST has been well recognized among science education research-
ers over the past two decades (Yoon et al., 2018) and is accentuated in science education 
documents internationally (Boersma et al., 2010; National Research Council, 2010; NGSS 
Lead States, 2013). There are many benefits in embedding complex systems and ST prac-
tices in science education. It is found that engaging students in thinking about complex 
systems improves their science literacy (Assaraf & Orion, 2005; Ke et al., 2020; Sabelli, 
2006). Jacobson et al. (2017) relate the value of learning about complex systems “both to 
the importance of these ideas in modern science as well as for the potential of complex-
ity ideas to provide conceptual interconnections across different science subjects as a new 
perspective about scientific literacy’’ (p. 1). Furthermore, the instructors who applied the 
system approach in their teaching observed that students gained a deeper understanding of 
content (Mathews et al., 2008; Verhoeff et al., 2008) and made more interdisciplinary con-
nections between concepts (Fisher, 2011, 2018; Jacobson & Wilensky, 2006).

Science education researchers have proposed various methods to foster students’ knowl-
edge about complex systems. For example, explicit instruction on system characteristics 
is introduced as a proper approach to improve students’ ST competencies and develop 
their system language (Hmelo-Silver et al., 2007; Jordan et al., 2013; Tripto et al., 2016, 
2018). Considering ST as a metacognitive skill, Verhoeff et al. (2018) indicated that system 
characteristics should be used as metacognitive tools to help students practice ST through-
out their learning trajectory. Gilissen et  al. (2020) came up with four design guidelines 
in teaching to improve students’ ST: (1) introducing the seven characteristics of systems 
in relation to system theories; (2) providing students opportunities to apply system char-
acteristics in different contexts; (3) focusing on individual characteristics at a time; and 
(4) attending to system language and encouraging students to use them. Regardless of the 
teaching approaches, an appropriate assessment tool is needed to examine students’ skills 
in ST. Assessing traditional learning is often challenging enough, while modern notions of 
science teaching, such as ST, require creative assessment designs (Abell & Siegel, 2011; 
Izci et al., 2020). Further, effective learning assessments should not just elicit and monitor 
learning but also foster and assist growth (Izci et al., 2020; Siegel et al., 2014; NRC, 2014; 
Pellegrino, 2013).

In these respects, the concept map (CM) has been suggested as a helpful tool (Som-
mer & Lücken, 2010). CM is a graphical tool depicting the relationship of concepts 
within a domain of knowledge and is used to organize and represent the structure of 
conceptual knowledge (Novak & Gowin, 1984; Novak & Cañas, 2008). Considering 
that the structure of knowledge is an indicator of the quality of understanding (Mint-
zes et al., 2005), many researchers have found CM a suitable tool to assess students’ 
knowledge construction (Baxter et  al., 1996; Edmondson, 2005). CM is indeed an 
external representation of one’s mental model and entails concepts (nodes) connected 
to each other by labelled lines, in each case building a proposition (Yin et al., 2005). 
Propositions are regarded as the building blocks and meaningful units of CM that 
allow an individual to express their knowledge of a content area by them (Novak & 
Musonda, 1991; Yin et al., 2005). In other words, CM is a particular way of construct-
ing and representing knowledge in which a concept finds its meaning in connection 
with other concepts, and the final product is a visual representation of students’ cogni-
tive structures (Nesbit & Adesope, 2006). CM building is often associated with a “con-
structivist” view of learning and its practice helps students integrate new information 
to their prior knowledge and visualize their understandings of a content area, as well 
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as helps teachers become informed about the integrity of students’ understandings in a 
domain of knowledge (Brandstädter et al., 2012; Conradty & Bogner, 2012; Schwendi-
mann, 2015).

Johnson-Laird (2001) discussed the ways mental models can be informative about 
one’s ability to do problem solving in complex systems. Finding the CM as an external 
representation of one’s mental model, some researchers found CM an informative tool 
to study students’ ST. For example, Tripto and her team used CM to externalize and 
analyze students’ conceptual knowledge of the human body to draw conclusions about 
students’ ST skills (Assaraf et al., 2013; Tripto et al., 2016, 2017, 2018). Furthermore, 
Buckley and Boulter (2000) found CM building a helpful approach for teaching and 
assessing students’ understanding of multilevel structures such as complex and non-
linearly organized biological systems. It was also reported that CM provided insight 
into students’ thinking and revealed the processes by which students constructed their 
cognitive structures (Hay et al., 2008; Ifenthaler, 2010; Shavelson et al., 2005).

Despite its benefits in ST studies, CM has been used more to represent a system’s 
components and their organization and less to represent a system’s underlying pro-
cesses and mechanisms. For example, Tripto et al. (2013) examined the effectiveness 
of CM as a tool to assess students’ ST skills. They found that students’ CM empha-
sized a system’s structural components more than its processes. Similar findings were 
evident in other studies as well; students tended to demonstrate the components of a 
system on their CM with little understanding about the interactions between system 
components (Hmelo-Silver & Azevedo, 2006; Hmelo‐Silver & Pfeffer, 2004). Tripto 
et  al. (2013) also noted that students had difficulty in demonstrating the underlying 
mechanisms and dynamic natures of a system by CM; they found CM to be a static rep-
resentation of students’ conceptual knowledge about systems and not a proper tool to 
display higher-order ST skills such as expression of multistep simultaneous processes.

Students need scaffolding to improve in ST (Hmelo-Silver & Azevedo, 2006). Scaf-
folding refers to various forms of assistance (e.g. social, linguistic, conceptual) that 
can support students’ learning, reasoning, and participation (Sawyer, 2006). The lit-
erature indicates that scaffolding assists students to increase and integrate their higher 
order thinking skills to generate solutions to complex problems (Belland et al., 2017). 
Scaffolding students’ CM building improves their learning and reasoning skills (Eggert 
et  al., 2017). Yet, despite the benefits of scaffolding in students’ learning, there are 
scarce studies that examine how scaffolding students’ construction of CM improves 
their ST skills.

In this paper, we examine CM as a tool to study ST and how scaffolding students’ 
CM building influence the demonstration of their ST competencies. Through a theo-
retical framework of causal patterns, we present a new perspective on what CM reveals 
about students’ ST skills and what are its limitations in showing system complexities. 
Plus, through a comparative scaffolding strategy, we demonstrate that, accompanied 
with a proper scaffolding, CM is a powerful tool to examine and promote students’ 
knowledge about the underlying causal mechanisms in complex systems. To this end, 
we sought to answer the following research questions:

1.	 What does CM reveal about students’ knowledge of biological complexities and the 
underlying causal mechanisms in them?

2.	 How does scaffolding influence students’ performance in showing the causal mecha-
nisms in their CM?
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Theoretical framework

Thinking is a process in which individuals coordinate their inferences from their knowledge 
to address their needs such as solving a problem or making a decision (Moshman & Tar-
ricone, 2016). Based on this definition of thinking, we define ST as a process to coordinate 
one’s knowledge of a system to explain the behavior or function of a system. In this sense, 
an individual’s awareness about the components of a system is a matter of their knowledge 
about the system, and ST is how they interrelate and interconnect the system components 
to make meaningful patterns to explain the system’s behaviors and functions. Emphasizing 
the thinking skills of students in addressing complex biological phenomena, in this study, 
we provided our participants with the components of the systems. We attempted to reduce 
the cognitive load of our assignments by providing students the required knowledge of the 
task (i.e., system components) to have them primarily focus on examining the intercon-
nections among the system components to build meaningful patterns to explain biological 
phenomena. Accordingly, the more students could make various meaningful patterns on 
their CM, the higher ST skill we considered for them. To study those patterns, we drew on 
the patterns of underlying mechanisms in complex systems introduced by Grotzer (2012).

In her book Learning Causality in a Complex World, Grotzer (2012) introduces six 
causal patterns that underlie complex causalities: simple linear, domino, cyclic, spiraling, 
mutual, and relational causalities. All these patterns exist in biological systems, but they 
are not taught explicitly and with equal emphasis in biology education – including the stud-
ied course in this research. Below, except for spiral causality, we explain these patterns of 
causal mechanisms and their role in determining features of complex systems and illustrate 
their existence in the context of this study.

Simple linear causality

According to Grotzer (2012), stemming from the works of David Hume (1739–1740), sim-
ple linear causality is based on three basic principles: (1) a cause precedes an effect; (2) 
there is a cause and effect mechanism for any outcome; and (3) for something to happen, 
a cause must exist (determinism) (Morris & Brown, 2001). These principles lead to the 
assumptions of linear causality: (1) cause and effect work in one direction, in the order 
of cause preceding effect; (2) there is a direct link between cause and effect with a clear 
beginning and an end; and (3) there is usually one cause for one effect. In sum, linear cau-
sality implies that anything that happens in a system can be traced back to a cause in the 
same system, suggesting that a sequence of cause and effect explains behaviors of a system. 
For example, in our study, the reasoning pattern that natural selection causes the extinction 
of an organism is a form of simple linear causality.

Domino causality

Domino causality refers to a linked sequence of events that unfold over a period of time 
and typically has a beginning, middle, and end. In domino pattern of causality, causes 
induce effects, and effects turn into causes for subsequent effects. It is one directional and 
can have branches; therefore, one cause can bring about multiple effects and so forth. Dom-
ino causality explains some aspects of complex systems, in which a cause triggers a chain 
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of reactions that subsequently leads to unpredicted outcomes. Climatic events that induce 
a cascade of challenges and mutations that occur at a molecular level and then bring about 
changes at an organism level illustrate this pattern of causality.

Domino causality is one of the central mechanisms by which complex systems display 
their behavior. It explains how within the complex systems a small change can generate 
huge impacts and how a cause can have both direct and indirect effects. Accordingly, this 
practice of thinking requires individuals to consider that the impact of a cause can travel 
over time and space and possibly be out of their sight. For instance, thinking about the 
effects of a species introduction into an ecosystem, students should consider that the effects 
of such measures happen over time and can be multiple and, to an extent, unpredictable.

Mutual causality

Mutual causality is a pattern of causal relation in which two events, acts, or processes 
mutually or bi-directionally affect each other. Therefore, the factors or agents involved in 
this relationship operate as both cause and effect on each other in a way that it is usually 
impossible to tell which factor precedes the other. In mutual causal relationship, involved 
factors can both benefit, or get harmed, or one side benefit and the other side get harmed 
from the interaction, and the process can be simultaneous or sequential. Symbiotic rela-
tionships between two species in which at least one species benefits from the relationship 
illustrates a pattern of mutual causality. Some of the main features of complex systems 
are the abilities of self-organization and self-transformation. Mutual causality is one of the 
mechanisms by which scientists explain how systems and their components engage in their 
own organization and transformation (Morgan, 2006). For instance, the mutual relation-
ship between prey and predator population in an ecosystem explains how that ecosystem 
engages in balancing its resources.

Relational causality

In relational causality, the effect is caused by the relationship, one of balance or imbalance, 
between elements of a system. The variables, events, or processes involved in this causal 
relationship cannot be a cause by themselves. Therefore, in exploring relational causality 
one looks for more than one variable for a cause and consequently examines the relation-
ship between variables or sets of variables to argue for the effect. The relationship between 
the variables can be in balance or imbalance and the change in the relationship can influ-
ence the outcome. On the other hand, the proportional equal change in all variables in a 
relational causal relationship does not change the effect or outcome.

The natural world and consequently the complex systems exhibit many of their features 
and behaviors through the mechanism of relational causality between their components. 
For instance, the fitness of an organism in an ecosystem is determined out of the relation-
ship between the phenotype of the organism and its environment; neither the environment 
nor the phenotype solely determine the fitness.

Cyclic causality

Cyclic causality refers to a pattern of relationship in which variables in an action, event, 
or situation are connected in a circle, and typically there is no clear beginning and end to 
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them. In cyclic causality, an engaged component can be both cause and effect simultane-
ously. Also, there is a form of feedback loop or reciprocity in cyclic causal patterns that 
makes the cycle continue. The feedback loop can feed to maintain the status quo or amplify 
or play down the effect over time. Cyclic causality is one of the main mechanisms that 
demonstrates how complex system components are interlocked to each other; thus, all com-
ponents in a system are of high significance and failure of one component can disrupt the 
cyclic pattern and continuation. It also explains the way complex systems are sustainable 
and continue to maintain themselves. The natural world is full of cyclic patterns that oper-
ate through cyclic causal mechanism. As an example, the relationship among evolution, 
environment, and organisms’ phenotype and fitness explains how ecosystems maintain and 
develop biodiversity within themselves. Through the mechanisms of natural selection, evo-
lution occurs over environments. The change, or lack thereof, in the environment affects 
the phenotype and fitness of the organisms in that environment. And again, through natural 
selection, organisms evolve that possibly change the environment. This cyclic process can 
either maintain the existing biodiversity within an ecosystem or develop new ones.

Methods

In this study, we used convergent mixed method design (Creswell & Plano Clark, 2011). 
This approach draws on both quantitative and qualitative data to compare and contrast their 
results to provide a complete understanding of a phenomenon and compare multiple levels 
within a system (Creswell & Plano Clark, 2011). Drawing on both quantitative and quali-
tative methods, this study provides a detailed insight into students’ approach toward CM 
building to demonstrate the interrelationship among the components of biological systems. 
We also present the patterns of causal mechanisms existing in students’ CM and the effect 
of scaffolding on their performance in showing those patterns.

Research design and participants

For this study, the first author developed a master CM (Appendix A) out of 16 big con-
cepts taught during an introductory biology course. The concepts addressed different lev-
els of biological organization from sub-organismic entities (e.g., DNA, RNA, protein) to 
supra-organismic entities like population. Then three variations of a CM assignment were 
designed. Providing different levels of scaffolding, the assignments asked students to dem-
onstrate the effect of introducing a new predator species into an environment while show-
ing the relationship between different biological concepts. The scaffolding was practiced 
as follows: assignment A provided students with the concepts to build CM; assignment 
B gave students the skeleton of the master CM to fill out the boxes by the given concepts 
and label the links; and assignment C was the same as assignment A, with the only differ-
ence that students were provided with scaffolding for the patterns of causal mechanisms 
at the beginning of the assignment (Appendix B). The CM building task was followed by 
three questions: (1) how students evaluated their CM in regard of expressing their thoughts 
on the scale of 1–5, with 5 being very satisfied; (2) what aspects of their thoughts they 
could express satisfactorily; and (3) what thoughts they could not express by their CM. The 
follow-up questions served two purposes. First, they provided us with students’ general sat-
isfaction in presenting their thoughts by each type of the CM assignment. This assessment 
helped us to know students’ general expectations from a CM task. Second, they prompted 
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students to reflect on their CM regarding how it allowed them to express their thoughts—or 
not. Accordingly, students’ answers to the follow-up questions provided us a rich data on 
how CM, as an assessment platform, favored expression of some thoughts and disfavored 
some others. The assignment was given to students in Week 13 of the semester by which 
they were taught about all the concepts. The assignment was a take-home task, and stu-
dents had two weeks to do it. Of note is that students were taught about CM building in a 
50-min session in the first half of the semester, but the causal patterns were not explicitly 
taught throughout the semester.

Participants of this study were 173 students from an introductory biology course at a 
public university in the Midwest region of the USA. They were randomly put into three 
groups, and each group was assigned to a different variation of a CM assignment. We also 
interviewed 14 students (five students from each group of A and C, and four students from 
group B). They were recruited by sending out an email to the whole class and a $5 gift card 
was offered as an incentive for interview participation. The interviews were conducted in 
a semi-structured format and the students were asked to elaborate on the overall structure 
of their CM as well as the patterns that existed in them. Students were also prompted about 
the different (causal) relationships that could possibly exist among the given concepts and 
were given time to demonstrate them on their CM. The interviews lasted around 25 min 
and were audio recorded and later transcribed for detailed analysis.

The interview data was insightful in different ways. First, it revealed students’ views 
toward the CM task and their previous experiences with it. This data was significant as it 
showed students’ general approach toward CM building that favored expression of some 
thoughts over the others. Next, it allowed students to express their thoughts about the inter-
action between the given concepts and whether CM enabled them to demonstrate those 
thoughts. Last, it revealed students’ knowledge about the causal patterns, providing insight 
into whether students who demonstrated little knowledge was due to the lack of knowledge 
about the patterns or lack of skill in constructing interactive CM.

Data analysis

Students’ views expressed by CM: qualitative analysis

Qualitative analysis sought to examine students’ overall view toward the relationship 
among biological components, and how they could express them by a CM. To this end, 
the first author conducted a qualitative inductive analysis (Thomas, 2006) that entailed 
students’ CM, their explanations regarding the expression of their thoughts by the CM, 
and their interviews. He first carried out multiple readings and interpretations of raw data. 
Then, based on interpretations, he developed categories of thoughts and ideas students 
were capable and incapable to demonstrate by the CM. Finally, through the lens of our 
theoretical framework, the first author analyzed the data for the patterns and reasons that 
enabled or impeded students’ expression of thoughts by the CM.

Students’ CM performance: quantitative analysis

To conduct quantitative analysis, we developed a scoring scheme to examine the presence 
of causal patterns in students’ CM. On this, we developed a list from combination of prop-
ositions that accurately demonstrated the patterns of domino, mutual, relational, and cyclic 
causalities. Figure  1 shows examples of proposition combinations used for scoring each 
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causal pattern. To make the list, first, we compiled all possibly accurate combinations of 
propositions based on our own knowledge (both authors have master’s degrees in biologi-
cal sciences) and the repeated patterns in students’ CM. Then, we had the list edited and 
approved by two biology experts. We used this list as a reference to score the presence of 
different causal patterns in the CM. The causal patterns were scored as correct (2 points) if 
the concepts and describing labels were correct, partially correct (1 point) if the connected 
concepts were correct but without or with wrong labels, and incorrect (0 point).

This pattern-based scoring method enabled us to examine students’ CM at a higher 
organizational level than the conventional method of scoring CM based on single proposi-
tions. Indeed, it framed students’ CM in bigger chunks of meaningful propositions, and 
accordingly, reduced the disorderliness of the students’ CM when it came to scoring. As 
a result, this approach made it easier for us to score the CM and have consensus over the 
results.

We sought the presence of patterns; therefore, several repetition of one pattern on one 
CM did not add to the score of that pattern. Moreover, considering that any proposition in 
a CM represents a pattern of simple linear causality, we did not analyze this pattern sepa-
rately as a causal mechanism in this study.

Finally, for quantitative analysis, we calculated the percentage of scores for each pat-
tern to determine their prevalence in students’ CM across the groups. Then, using Kruskal 
Wallis H Test, we compared students’ scores for each pattern between the three groups to 
determine how different scaffolding approaches affected students’ performance in demon-
strating causal patterns in their CM.

Validation of findings

To validate findings, we provided a third researcher, who had a science education back-
ground, with 20 percent of the entire data set, the scoring scheme, and the findings of 
the study. Some discrepancies were brought up by the researcher that were discussed and 
addressed in a meeting with the researcher, and adjustments were made accordingly to our 
data analysis and the results.

Fig. 1   Examples of proposition combinations making causal patterns
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Results

This study, in general, investigated CM as an assessment tool to represent students’ views 
toward biology as a complex system and in specific as a tool to examine and promote stu-
dents’ knowledge about underlying mechanisms in complex systems. In this section, we 
first provide a qualitative analysis about what students were able and unable to demonstrate 
by CM regarding the interconnection and complexity of biological systems. Then, through 
merging quantitative and qualitative results, we describe the patterns of causal mechanisms 
present in students’ CM and how scaffolding affected their performance in showing those 
patterns.

Aspects of complexities in biological systems revealed in students’ CM

We delineated four major categories in the data featuring biological complexities. These 
categories often were not mutually exclusive in students’ CM.

Cluster of concepts; interconnections within organizational levels in biology

Students expressed part of their views about biology by creating cluster of concepts. 
Appendix C represents an example of a cluster of concepts CM constructed by students. 
The concepts of a cluster were often organized based on their association to a particu-
lar concept or their affiliation to an organizational level in biology. For example, Grace 
(all names are pseudonyms) from group A explained that she was satisfied with her CM 
because the way she “organized the main thoughts and then broke the topics into subu-
nits of each other show[ed] how they all are connected to an ecosystem’s biodiversity.” 
In her CM, she had built four clusters of concepts connecting them to the central concept 
of the ecosystem biodiversity. Likewise, Skylar (group C) explained in her interview that 
she “initially put evolution in the center […] trying to make the connections in between 
every individual thing.” She was not satisfied with her CM (scoring her CM 2 out of 5) 
but believed that she could “explain [the] relationship between individual parts of whole.” 
Similar approach was adopted by group B students to fill out their pre-designed CM. Bella, 
in her interview, explained that “I try to put the concepts that I thought were more related 
… closer to each other; for example, DNA and RNA [are] very closely related as are fit-
ness and natural selection closely related.” In fact, we observed that creating a cluster of 
concepts was an approach of CM building in which students focused more on organizing 
and categorizing the concepts than trying to show the meaningful interconnections among 
them.

Sequence of concepts; hierarchy and flow among biological concepts

A group of students expressed their views by ordering the given concepts sequentially. 
Appendix D represents an example of a sequence of concepts CM constructed by students. 
They believed that their CM showed how each concept related to the other one. For exam-
ple, Molly (group A) explained, “I think I accurately and satisfactorily expressed all of 
the terms on my concept map by branching them off of each other. Starting with larger 
concepts and breaking them down to smaller parts.” Molly’s CM was one directional with 
some branches indicating that there was an order in how biological concepts were related. 
Similarly, Clara (group B) said that she liked “how everything flows from DNA to overall 
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interacting evolution.” Kaela elaborated in her interview that “I was satisfied with that 
I put some kind of flow into it and the fact that I started at a more like molecular level 
and worked my way up to broader concepts and […] put those altogether.” We noted that 
organizing concepts sequentially was helpful for students in expressing some of their views 
about biological complexities. However, it also acted counterintuitive in showing various 
interconnections in biological systems as it focused on depicting the relationship among 
biological concepts through chain of connections.

Biological processes; protein synthesis and evolution

Biological processes were also demonstrated in students’ CM. The process of protein syn-
thesis was one of them; the processes of DNA translation to RNA, and RNA transcrip-
tion to protein were shown and mentioned by many students. Evolution and natural selec-
tion were the other processes students mentioned depicting in their CM. Sadie (group 
A) explained that her CM showed “the evolution process and how it correlates to natural 
selection […] and how it changes over time due to […] adaptations and mutations.” We 
noted that to explain the processes, students used domino pattern to express their thoughts. 
This approach was more helpful in demonstrating the process of protein synthesis than 
evolution. We observed consistency and accuracy among students in presenting how DNA 
and RNA played a role in proteins synthesis and how proteins attributed to an organism 
phenotype. However, there was inconsistency and often inaccuracy in students’ patterns 
showing how, for example, the prey and predator population and the concepts of adapta-
tion, extinction, and fitness played a role in the process of evolution. In sum, students could 
express some biological processes such as protein synthesis in their CM, but struggled to 
demonstrate others such as evolution.

System dynamics; matters of change and effect

A few students mentioned that their CM demonstrated the changes and effects induced 
by the events of mutation and the introduction of a new species to an ecosystem. For 
instance, Katy (group C) said that her CM clearly showed “how the ripple effect of a muta-
tion change the original species.” In her CM, she demonstrated a mutation bringing about 
domino of changes from DNA to protein and eventually to phenotype, and she also exhib-
ited that phenotype affects fitness and consequently influences evolution. Similarly, Emily 
(group B) believed that her CM showed “how a mutation can lead to an adaptation and 
have a better fitness for [an] animal.” Likewise, some students mentioned that their CM 
showed how the introduction of a new species could lead to extinction or adoption of other 
organisms in an ecosystem. Overall, students were able to show how an event could bring 
about changes and effects into a system. They did so by showing how an event unfolded 
sequentially to particular results.

Indeed, CM as a tool allowed students to express their thoughts about both interconnec-
tions among biological components and dynamics in biological systems. To this end, stu-
dents applied two methods; they either organized the concepts according to their biological 
level association or ordered them in a particular sequence of relationships. We found that 
these methods were helpful in presenting some aspects of biological complexities but, as 
will be discussed in the following section, were not suitable for showing some other com-
plex features of biological systems.
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Missing aspects of biological complexities in students’ CM

We found three categories in respect to thoughts students could not present in their CM.

System dynamics; matters of probability, magnitude, simultaneous interactions 
and ongoing processes

Some dynamic aspects of biological systems were challenging for students to demonstrate 
by CM. They were often related to the matters that required: simultaneous exhibition of 
multiple factors involved in a cause to bring about different effects, presentation of the 
causes and effects magnitude, and demonstration of ongoing processes. Showing the role 
of mutation in biological processes was mentioned by many students in their explanations 
and in interviews. For example, by a unidirectional arrow, Miles (group C) had shown that 
mutation “alter”[ed] fitness but did not believe such presentation expressed his view on 
“how a mutation can increase fitness and lead to evolution.” Clara (group B) referred to a 
similar dissatisfaction by saying that she had difficulty showing “mutations being a mecha-
nism of evolution.” In the interview, Adeline said that she wanted to show how mutations 
could change organisms and elaborated that “you change something on a smaller level, it 
can affect all the larger tiers to like till biodiversity” but she did not know how to show a 
small change could bring about big effects on a CM.

The impact of a new predator on an ecosystem was another challenging issue for stu-
dents to display by CM. The challenge was related to the interaction of the predator with 
a prey population and its overall effect on the ecosystem biodiversity and evolution. One 
student, who had shown on her CM that a new predator population can lead to extinction 
of a prey population, was dissatisfied with her presentation of the matter because she could 
not show “how a predator population can have a positive impact.” There were students who 
showed the bidirectional relationship between the prey and predator population, but some 
of them also expressed dissatisfaction about how they could not demonstrate the role of 
other factors involved in such relationship and how they could bring about different out-
comes. However, it is worth noting that many students did not attempt to show the impact 
of a new species to an ecosystem by CM, which likely was due to the design of the assign-
ment. It turned out that the primary focus of our participants was on connecting the con-
cepts and creating CM, and many of them missed showing the possible effects of a species 
introduction to an ecosystem on their CM.

Our analysis of students’ CM aligned with their expression of discontent about not 
showing some system dynamics. Students struggled to show how multiple factors simulta-
neously affected each other and how the interactions among them could attribute to various 
outcomes. They also did not show aspects of complexity that required manifestation of 
nonlinear and probabilistic effects over a period of time.

CM structure; not representative of the whole view

The overall structure of CM was a matter of discontent for many of our participants as it 
did not fully reflect their views on biology. They believed that biological systems were 
more interrelated than what they had shown in their CM. For example, Renee (group A) 
had three clusters of concepts in her CM, and she felt that the “sub-sections worked well 
but not the whole thing.” She further elaborated that “I couldn’t find a way to fit everything 
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together as a comprehensive thought.” Students’ interviews revealed part of the reason why 
their CM did not represent their whole view. Sadie, for instance, said that she knew that 
“everything is interrelated” but she intentionally avoided drawing all the connections; oth-
erwise, it would have been a “jumbled mess.” A similar approach was adopted by some 
other interviewees as well. Tiana decided “to keep it simple,” and Addison avoided show-
ing some interactions because she did not want to have “a lot of information on [her] con-
cept map.”

In sum, students seldom said that the overall structure of their CM represented their 
view on how the components of biological systems were interconnected. They believed 
that there could be more interconnections and interactions among the given concepts, but 
they did not show them for two reasons; either they did not know how to do so, or they 
avoided them so that their CM could clearly express their other points.

Some concepts did not fit together

Students referred to the relationship between some concepts as what they could not express 
well in their CM. We noted that those relationships were of two types. One type was simi-
lar to what students mentioned in the cluster of concepts above; they were associated with 
a particular topic or an organizational level in biology, but this time students did not know 
about them. For example, a few students said that they lacked the knowledge about the evo-
lution and so they could not express well the relationship among the concepts related to it. 
The other type of concepts students mentioned struggling to put together required integra-
tion of biological levels. Rylee (group A) had difficulty with showing “how microbiology 
relates to the study of the environment and ecosystem.” Similarly, Emily (Group B) could 
not see “how genes influence biodiversity,” and Derek (group C) was dissatisfied about the 
way he had tied “the lower half” of his CM, which entailed evolutionary concepts, to “the 
upper half,” which were about molecular biology. Overall, we observed that students found 
it challenging to put the concepts into a bigger picture and often the issue exacerbated as 
the two concepts were far from each other in biological levels.

In sum, contrary to what students had depicted in their CM, they believed that the given 
concepts should have been more interconnected to each other to present a more realistic 
image of their view. This issue, to an extent, overlapped with the difficulties to demonstrate 
dynamic aspects of biological systems and the interconnection between organizational lev-
els in biology. Accordingly, students were more confident and satisfied about parts of their 
CM, not its whole.

Patterns of underlying causal mechanisms present in students’ CM

In this section, we present the prevalence of various patterns in students’ CM according 
to our theoretical framework. To this end, first, through a descriptive analysis, we provide 
a statistical summary from all the data and how it complements our qualitative analysis. 
Then, through a comparative analysis, we reveal the results about the impact of scaffolding 
on students’ CM building performance in respect to showing each causal pattern.

Causal patterns in students’ CM: descriptive analysis

The first author scored the existence of domino, mutual, relational, and cyclic patterns in 
each student’s CM. Table  1 presents the number and percent of students demonstrating 
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each pattern. It shows that the domino pattern was the main causal mechanism that a 
majority of students (69 percent—correct and semi-correct scores combined) in groups A 
and C demonstrated in their CM. Domino causality was the second prevalent pattern (46 
percent) in the CM of group B students after mutual causality (53 percent). The table also 
reveals that the relational and cyclic patterns were notably absent in students’ CM; on aver-
age, over 80 percent of our participants did not show those patterns.

The qualitative analysis of data confirmed that the domino causality was the major 
causal mechanism employed by our participants. Group A and C students usually had a lin-
ear CM with a beginning and end with some branches, and group B students presented the 
relationship between most of the concepts through spotting a pattern of domino connec-
tion among them. Also, in the interviews, students used a sequential narration to explain 
how the concepts related to each other. For example, elaborating on her CM, Anne brought 
up the mice example in which a mutation “changed the DNA, RNA, proteins, genes, and 
then eventually changed the [mice] phenotype” and then how this process ended in creating 
two species. We found students more familiar with and adept in presenting the relationship 
between biological concepts in linear unidirectional pattern.

Our findings here align with the thoughts students believed they could express well by 
CM. In fact, it was largely through a domino pattern that students connected the concepts 
in their organizational levels, showed the flow and hierarchy between the concepts, talked 
about some biological processes, and showed change and effect in their CM. On the other 
hand, the lack of the other patterns explains part of the students’ difficulty in showing some 
of their thoughts. For example, students struggled to show simultaneous and ongoing pro-
cesses in their CM. This problem could be eased if students were skilled in demonstrat-
ing mutual and cyclic causalities. Similarly, students wrestled to show the interrelationship 
among evolutionary concepts that required understanding of relational causality. Moreover, 
whereas students were satisfied with parts of their CM, they were discontented with its 
overall structure. This finding indicated that they were aware of the multiple and various 
interconnections that existed in biological systems but could not show them on their CM. 
This issue, to a considerable extent, was associated with students’ lack of skills in showing 
the various causal relationships among biological concepts.

Causal patterns in students’ CM: comparative analysis

We assumed that by providing scaffolds for various causal relationships, students would 
be able to demonstrate more complex relationships in their CM. To examine this assump-
tion, we did a comparative analysis on demonstration of each causal pattern in students’ 
CM. First, a Shapiro–Wilk test of normality was performed, and the result was significant 
(p < 0.05) indicating that the data had a non-normal distribution. Then, we conducted a 
Kruskal–Wallis test to determine if there was any significant difference between groups in 
demonstrating each causal pattern.

Regarding domino causality, Table  2 shows a statistically significant difference 
[H(2) = 6.822, p = 0.033] between the score of students in different groups. Post hoc com-
parison results revealed that the significant difference (p = 0.046) was between groups B 
and C. This result indicated that students without the pre-designed CM but with prompts 
for causal mechanisms (i.e., group C with the mean ranks of 95.44) had a better perfor-
mance to demonstrate the pattern of domino causality than the students with the pre-
designed CM (i.e., group B with the mean rank of 74.00).
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Results further confirm that students had the knowledge and skills to demonstrate the 
relationship among the biological concepts in a domino order. Therefore, given the pre-
designed CM with limited domino patterns, group B students found it difficult to demon-
strate some of their thoughts. Many of the Group B students “wished” that they were not 
given a pre-designed CM, when talking about their dissatisfaction about their CM. Emily 
mentioned in her interview that she could have had a better performance on her CM if 
she had built it herself from scratch. Accordingly, we observed that students in group B 
evaluated their CM performance (M = 2.55, SD = 0.748) lower than the other two groups 
(group A: M = 3.01, SD = 0.905; group B: M = 3.08, SD = 0.908). Students tended to show 
the relationship among the concepts in a sequential pattern, which explains why group 
A students (mean rank = 91.60) did better, though not significantly, than group B (mean 
rank = 74.00) with pre-designed CM and almost as good as group C (mean rank = 95.44) 
with scaffolding for domino causality. Because in any way group A students were going to 
show the relationship among the concepts through the sequential order.

Regarding mutual causality, Table  3 reveals a statistically significant difference 
[H(2) = 21.382, p = 0.000] between the score of students in different groups. Post hoc com-
parison results revealed significant difference between groups A and B (p = 0.000) and 
groups A and C (p = 0.004). This result indicated that scaffolds of mutual causality posi-
tively affected students’ performance in demonstrating such a pattern in their CM. In fact, 
when students were scaffolded for mutual causality either through getting tips about the 
concept of mutual causality (group C) or having the pattern in a pre-designed CM (group 
B), they performed better in finding such a relationship between some concepts. Students 
in group A tended to show a unidirectional relationship between prey and predator popula-
tions, and more students in groups B and C demonstrated that relationship as mutual.

In the interviews, more students could demonstrate mutual causality when they received 
different levels of scaffolding. Anna (group A), for example, talked about how a new preda-
tor and environment affected each other bidirectionally when she was prompted about 
mutual causality. Tara (group B) had not been able to find a meaningful mutual relationship 

Table 2   The results of the Kruskal–Wallis test and post hoc comparisons regarding domino causality

a Significance values have been adjusted by the Bonferroni correction for multiple tests

Domino causality

Groups N Mean rank Chi-Square df p Pairwise comparisons of group pa

A 62 91.60 6.822 2 0.033 Group A—Group B 0.118
B 57 74.00 Group A—Group C 1.000
C 54 95.44 Group B—Group C 0.046

Table 3   The results of the Kruskal–Wallis test and post hoc comparisons regarding mutual causality

a Significance values have been adjusted by the Bonferroni correction for multiple tests

Mutual causality
Groups N Mean rank Chi-square df p Pairwise comparisons of group pa

A 62 67.98 21.382 2 0.000 Group A—Group B 0.000
B 57 102.07 Group A—Group C 0.004
C 54 92.93 Group B—Group C 0.746
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between any two concepts; however, during the interview, when Tara received more expla-
nations about mutual relationship, she found the relationship between prey and predator 
“mutual, obviously.”

Regarding relational causality, Table  4 shows a statistically significant difference 
[H(2) = 8.427, p = 0.015] among different groups. Post hoc comparison results indicated 
that the significant difference (p = 0.013) was between groups A and B. On a pre-designed 
CM, significantly more students could make a meaningful relational relationship among 
the given concepts. Results also revealed that when students got scaffolded for the concept 
of relational causality (group C), they performed better in showing such relationship in 
their CM (mean rank = 89.05), but this better performance was not statistically significant 
from group A (mean rank = 77.69).

Although the scaffolding improved students’ demonstration of relational causality, the 
majority of students in all groups found it difficult to show such relationships in their CM. 
This was visible in students’ interviews as well. When prompted about relational causality, 
few students could talk and show such a relationship among some concepts. Emily, when 
prompted about the relational causality, pointed out that the relationship between prey and 
predator affects their adaptation. Referring to the tip in the assignment, Kelsey mentioned 
that she struggled to show relational causality in her CM because “I kind of don’t really see 
where two things can equally affect C (third factor).” However, after getting more expla-
nation about the relational causality, Kelsey was able to give the example of relationship 
between genotype and environment determining phenotype. However, the majority of 
interviewees could not give an example of relational causality after getting prompts about 
it. They struggled to distinguish between the case when the interaction between two factors 
determined the third one (e.g., genotype and environment determine the phenotype) and 
the case when two factors were involved in a process to determine the third one (e.g., DNA 
and protein determine the phenotype).

Quantitative analysis of cyclic patterns showed no significant difference between our 
groups, which indicated that scaffolding did not influence students’ ability to exhibit cycli-
cal patterns. Also, as mentioned previously, students did not do well in demonstrating 
cyclic patterns according to our scoring approach. However, this finding did not align with 
our qualitative examination of students’ CM. In general, we observed that some students 
had attempted to show that all concepts were interrelated by making a form of loop or 
cycle in their CM, which indicated that they were familiar with the pattern of cyclic cau-
sality but lacked the knowledge and skill to show such relationship scientifically accurate 
because it was a multistep process. Students needed to make at least three accurate or semi-
accurate proportions in a cyclic form to get a score for the pattern.

On the other hand, interviews showed students did not find it challenging to depict a cyclic 
relationship in their CM. Kelsey had not made a cyclic pattern in her CM but illustrated that 
she knew the concept by giving the following example: “Well for example, but this could be 

Table 4   The results of the Kruskal–Wallis test and post hoc comparisons regarding relational causality

a Significance values have been adjusted by the Bonferroni correction for multiple tests

Relational causality

Groups N Mean rank Chi-square df p Pairwise comparisons of group pa

A 62 77.69 8.427 2 0.015 Group A—Group B 0.013
B 57 95.18 Group A—Group C 0.204
C 54 89.05 Group B—Group C 1.000
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wrong, but natural selection can lead to extinction and extinction of species can lead to change 
in the ecosystem biodiversity and depending on that how like how that affects the ecosystem 
in terms of like resources or predation or anything like that, that can also affect natural selec-
tion again and starts total.” In fact, we found that cyclic pattern, though much less frequent 
than domino causality, was one of the main approaches adopted by students to explain the 
interconnectivity of the biological concepts. Therefore, we assume that the low score of cor-
rect cyclic patterns in students’ CM was less due to their unfamiliarity to the concept of cyclic 
causality and more related to the extent the task was demanding and therefore required coher-
ent knowledge of multiple steps in cyclic relationship in a biological system.

In summary, for our first research question, we found students at different levels of knowl-
edge and skill in showing patterns of causal mechanisms to demonstrate the complex interac-
tions in biological systems. They largely gravitated to organize concepts in a sequential order 
to make meaningful connections among concepts. Students were also somewhat familiar with 
the concept of mutual causality, but they needed scaffolding to display it on their CM. Rela-
tional and cyclic causality were notably absent in students’ CM. We found relational causal-
ity the most abstract causal relationship for students to grasp; they struggled to discern the 
time the relationship between two factors determined the third factor from the time two fac-
tors were involved in the process of determining the third factors. Regarding cyclic causality, 
students knew about it, but they could not show it accurately on their CM probably because 
the task required relatively high cognitive load and wide knowledge of concepts and their 
relationships.

Regarding our second research question, based on our quantitative data analysis, we found 
that scaffolding students with pre-designed CM (group B) and prompts about causal mecha-
nisms (group C) improved their performance in demonstrating different causal patterns. In 
specific, group B participants did better—statistically significant—than group A students 
in showing mutual and relational relationships in their CM, and group C students did bet-
ter—statistically significant—than group A and B students in showing mutual and domino 
causalities, respectively. Overall, these results reveal the benefits of scaffolding in improving 
students’ ST skills; though, they do not necessarily indicate what type of scaffolding treatment 
(B or C) is better.

Drawing on our different data sources, we infer that prompting students with causal pat-
terns would be a better scaffolding approach than providing students with pre-designed CM to 
improve students’ ST skills. Such inference is based on the data that group B students had the 
lowest satisfaction level in expressing their thoughts through CM. This finding was also sup-
ported by our qualitative data analysis wherein we found many group B students believed that 
they could have had a better performance, provided they were not given a pre-designed CM.

We conclude that scaffolding students’ CM building either by a pre-designed CM or 
prompts about causal mechanisms can improve their demonstration of different causal pattern 
in complex systems. However, the latter approach would be more beneficial as it would allow 
students to express their thoughts more freely.

Discussion

In this study, we adopted causal patterns as our theoretical framework and drew on both 
qualitative and quantitative data to investigate the CM as a tool to assess and enhance 
undergraduates’ ST skills. Specifically, we sought to examine how students demonstrate 
their understanding using CM and how their ST skills are affected by scaffolding them to 
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demonstrate causal patterns. To this end, we were able to tease out which aspects of sys-
tem complexities students could show by CM. Results indicated that, through CM, students 
could demonstrate some aspects of their views about biology as a complex system. To dif-
ferent degrees, they showed structural aspects of biological systems like organizational lev-
els and how concepts were associated with each other both within and across the organiza-
tional levels. Students also displayed some processes and dynamics of biological systems 
on their CM. These findings corroborate with extant literature on how CM is a helpful tool 
to examine students’ understandings about a system components, hierarchy, and behavior 
(Assaraf & Orion, 2005; Buckley & Boulter, 2000; Tripto et al., 2013).

This study also examined the ways students undertook to depict their views on CM. 
According to our theoretical framework, students largely used the pattern of domino cau-
sality to organize their knowledge about biological concepts. In this way, they showed how 
each concept is related to its predecessor and built a structure of concepts that depicted 
biological hierarchy and processes.

Several reasons caused the prevalence of domino pattern in students’ CM. First, the 
linear and sequential expression of relationship among the concepts was probably easier 
for students, as it resembled the way they learned about the concepts from the textbooks 
or course materials. Second, the probability of making meaningful domino patterns was 
relatively higher than other patterns by the concepts in our study. Therefore, if students 
ordered some concepts by chance due to their lack of knowledge about them, they had 
higher chance of making meaningful patterns from them. Third, organizing concepts 
through a chain of connections and putting them in hierarchical order were the conven-
tional approaches to constructing CM. For example, aligned with a constructivist view 
toward CM building, Reinagel and Speth (2016) helped students to make integrative gene-
to-phenotype CM by first teaching them isolated relationships between pairs of molecular 
genetic structure and then having students construct their CM upon those pairs of relation-
ship blocks. This approach corresponds with hierarchical CM building approach proposed 
by Novak and Gowin (1984) to examine students’ prior knowledge and build new knowl-
edge upon it. Therefore, considering the mentioned reasons, we found the prevalence of 
domino pattern unsurprising in students’ CM, as it largely aligned with both their knowl-
edge of the concepts and their skills of CM construction.

Our findings also revealed that students had difficulties showing some aspects of sys-
tem complexities through CM, due in part to their lack of knowledge about the concepts, 
specifically evolutionary concepts. In this regard, CM was a useful tool to diagnose stu-
dents’ lack of knowledge and their possible misconceptions about biological complexities. 
Of this, CM as an assessment and learning tool has been supported by research studies 
(Bergan-Roller et al., 2020; Brandstädter et al., 2012). Out of students’ CM, Bergan-Roller 
et al. (2020) found that students had simple understanding about cellular respiration and 
had a better understanding about the process of glycolysis than fermentation. On the other 
hand, results indicated that students could not show certain aspects of system complexities 
by CM despite their knowledge about them. Two factors attributed to this issue: students’ 
skills of CM construction and the nature of CM itself.

Students, as a typical approach to CM construction, organized the concepts. Largely, 
they tried to put the concepts in hierarchical orders, show a flow of relationship among 
them and/or categorize them in cluster of concepts associated with a topic. This approach 
is helpful in comprehension and retention of information by structuring and organizing 
concepts (Novak & Cañas, 2008). Yet, according to our findings, the overall structure of 
the CM built by this approach was not a true representation of students’ view of the way 
biological concepts were interconnected; students believed in more interactions among 
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the concepts but avoided them as they had more emphasis on organizing and categorizing 
the concepts rather than showing their dynamics and interconnections. In fact, we found 
it counterintuitive to demonstrate system complexities by CM through its conventional 
approaches because the focus on organizing and categorizing concepts discouraged stu-
dents to demonstrate all the interconnections they knew about biological systems.

Moreover, we observed that some dynamic aspects of complex systems were consider-
ably absent in our participants’ CM. Tripto et al. (2013) had similar observations, finding 
that students could hardly show homeostasis mechanisms by CM. Drawing on literature as 
well as their own results, Tripto et al. attributed the issue to the fact that “understanding 
homeostasis requires several cognitive abilities, such as discerning that multiple phenom-
ena occur simultaneously and comprehending that every process is comprised of several 
stages” (p. 251). Likewise, we noted that students struggled to show multistage processes 
that presented ongoing phenomena and sustainability in systems. This challenge particu-
larly manifested itself in students’ poor performance in making meaningful cyclic causal 
patterns as the mechanism embodied the features of ongoing multistage processes.

Based on our findings, we attribute the students’ poor performance in demonstrating 
certain system dynamics to their lack of knowledge and skills in depicting the different 
causal mechanisms. For example, through domino causality, many students could accu-
rately show how DNA, RNA, and Protein were related to each other but the same approach 
did not work for the evolution process. Many evolutionary concepts make sense in light of 
understanding mutual and relational causal mechanisms; for example, fitness emerges as a 
result of interaction between an organism’s phenotype and its environment, or adaptation 
and extinction emerge as a result of interaction among multiple factors such as the environ-
ment and prey-predator population. The linear presentation of these concepts did not por-
tray an accurate image of the evolutionary process.

Results indicated that when students received scaffolding for the patterns of causal 
mechanisms, they pictured more dynamic aspects of complexity on their CM. For example, 
getting prompts about the pattern of mutual causality, students could show the concepts of 
equilibrium and dynamic relationship between prey and predator population. In the inter-
views, we observed that after being prompted about the cyclic pattern of connections, some 
students were able to demonstrate cyclic relationship among the concepts. These results 
supported our stand that students’ inadequacy in showing certain system dynamics by CM 
was due to their lack of knowledge about causal mechanisms. Consequently, informing stu-
dents about the patterns of causal mechanisms can improve their ST skills through CM 
building practices.

Research has shown that scaffolding students’ CM building improves their reasoning 
skills (Eggert et  al., 2017). Similarly, we observed a better performance in students’ ST 
skills demonstration by scaffolding their CM building. By providing students with a pre-
designed CM, we could help students to find more diverse patterns of interactions among 
biological concepts. This approach, however, had some downsides. First, it limited students 
to express some of their thoughts, which was particularly evident by students’ level of sat-
isfaction about their CM. Next, a pre-designed CM provided a possibility for students to 
demonstrate different causal patterns without truly recognizing them on their CM. Though 
this possible limitation of a pre-designed CM was not specifically explored in our study, 
we found it plausible. While intentionally filling out a pre-designed CM to demonstrate 
the relationship between some patterns, students inevitably showed connections between 
some concepts—as it pre-existed—that they did not necessarily intend to show. Therefore, 
in our study, we found the introduction and illustration of causal patterns the most effective 
scaffolding approach to improve students’ ST skills by CM. Having been introduced to the 
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patterns and concepts of causal mechanisms, participants in group C demonstrated more 
diverse and meaningful interconnections and relationships among biological concepts than 
students in group A with no scaffolding, and accordingly they depicted more dynamic and 
complex view toward biological systems. These results suggest that students should be 
explicitly instructed about the concepts of different causal mechanisms alongside scaffold-
ing them to show such patterns in CM.

Eventually, we found CM was not a suitable tool for some features of complex systems. 
For example, it was impractical to show non-linear relationships with probabilistic out-
comes and various intensities on a CM. We observed that in order to demonstrate change 
because of a mutation, students were bound to provide one or two scenarios about the pos-
sible outcomes with deterministic results. Likewise, when designing this research study, 
the authors also found it implausible to examine and scaffold spiral causality by CM as it 
required demonstration of interactions with outcomes of different intensities over a period 
of time. These limitations of CM in showing time dependent processes have been noted by 
other researchers as well (Tripto et al., 2013).

Conclusion

Identifying and assessing students’ ST patterns is essential to “develop and facilitate a ped-
agogical scaffolding that allows students to engage in counterintuitive modes of thought 
and overcome the variety of cognitive barriers that can prevent them from fully understand-
ing the system’s complexity” (Tripto et al., 2018, p. 673). Also, knowing about students’ 
thinking patterns, educators can present biological systems in a way that develop students’ 
metacognition and improve their skills in applying and adapting their mental models in 
new contexts (Dauer et  al., 2013). Our study provided insight into students’ ST patterns 
related to underlying causal mechanisms in complex systems. It also revealed that stu-
dents needed to know more about various causal mechanisms to be able to explain broader 
aspects of biological complexities and behaviors. Thus, taking our definition of ST into 
account, we think learning about the patterns of causal mechanisms will enable students to 
better coordinate their knowledge of a system to reason about its behaviors and functions 
and accordingly improve their ST skills.

Furthermore, this study showed that CM can be a powerful tool in assessing and 
improving students’ ST skills. We found that CM could reveal students’ understandings 
about concepts in association with other concepts and expose their knowledge about a 
system’s structure and behavior. To show the relationship among the concepts, students 
largely applied domino pattern of causality, and they did so with the purpose of organ-
izing and categorizing the concepts. Despite its benefits, this approach provided a narrow 
view to students’ ST skills and limited their presentation of dynamic relationships on CM. 
Therefore, to make CM a more powerful tool to assess and develop students’ ST skills, we 
believe that students should be instructed on how to create CM with the emphasis on show-
ing the interactions and interconnections among concepts and about the underlying causal 
mechanisms in complex systems so as to be able to implement them in their CM.

In summary, it is crucial that students understand complex systems and develop their 
ST skills to better navigate our contemporary world (Boersma et al., 2010; Ison & Straw, 
2020; National Research Council, 2010; NGSS Lead States, 2013). Not only do they need 
to learn about the components of systems, but also they must know how those components 
through various interconnections and interactions create systems. Students should know 
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about the different types of interactions within systems and practice them. This study found 
CM a suitable tool as it forced students to think about the relationship between the con-
cepts and revealed their knowledge about the concepts and their interactions. This study 
also adds to the literature how scaffolding students’ CM building can enhance their ST 
skills. Accordingly, it proposes two instructional steps for having CM building practices 
improve students ST competencies. First, students should receive explicit instructions and 
scaffolding about the various causal mechanisms; without the familiarity with the differ-
ent interactions in complex systems, students will not know what skills to practice on and 
demonstrate for ST. Second, students should be trained for CM building with an empha-
sis on demonstrating the interconnection among the components of a system, rather than 
organizing and categorizing them. Despite the benefits of CM for assessing and enhancing 
students’ ST skills, it demonstrated limitations on how to show some dynamic aspects of 
complexities in systems. Therefore, we recommend that teachers use CM in concert with 
other tools to gain broader perspective on students’ ST skills.

Limitations

This study concluded that CM is a powerful tool for both improving and examining stu-
dents’ ST skills. Questions remain about the relationship between students’ CM building 
skills and their demonstration of ST skills by CM, which leads us to three limitations. First, 
despite having a 50-min session of CM building, students had different approaches and 
skills for building a CM. Second, the CM assignment was a take-home task and the amount 
of time and effort students put on it varied among them. Last, students had different back-
ground knowledge about the given concepts for the CM task. These interrelated factors 
affected the patterns and interconnections students showed on their CM. Therefore, though 
our study provides insight into how students demonstrated causal patterns on their CM, it 
does not show the extent students’ CM building skills were decisive on such demonstra-
tions. Moreover, our study drew on multiple approaches to demonstrate the potentials of 
CM in improving students’ ST skills. Though this is a strongpoint for a research study, it is 
not a plausible approach for classroom teaching. Therefore, further studies are required to 
transfer the potentials of CM practices into actual classrooms for improving students’ ST 
skills.

The scaffolding intervention results were also affected by students’ lack of knowledge 
about causal mechanisms and how they could be demonstrated on CM. This was limiting 
in respect to knowing the extent students’ demonstration of causal patterns were meaning-
ful to them, particularly for group B participants who had the possibility to randomly fill 
out their pre-designed CM. Moreover, considering that the three groups in this study par-
ticipated in different scaffolding treatments, the authors could not do blind coding; there-
fore, their biases might have crept into their analysis despite their attempts at objectivity. 
In conclusion, this study indicates that scaffolding students for causal patterns and CM 
building can improve their ST skills. It also acknowledges that there is a need for further 
exploration to know the extent such improvement was based on students’ understandings of 
causal mechanisms or the interference of other factors dismissed in the study.

Appendix A

The master concept map.
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The master concept map developed in the preliminary stage of the study. This concept map 
without the concepts and the labels were given to students in group B in order to be completed

Appendix B

Assignment C scaffolding.
Different factors are related to each other in various ways. Below are five ways that factors 

can be related to each other. Try to apply these patterns in your concept map so as to make it 
more comprehensive. (Note: below “X” is any word or phrase that can explain the cause and 
effect relationship between the factors.)

The various causal relationships introduced to students in Group C
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Appendix C
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Concept map with cluster of concepts.
An example of a concept map with cluster of concepts representing one of the students’ 
general approaches to concept map building

Appendix D

Concept map with sequence of concepts.
An example of a concept map with sequence of concepts representing one of the students’ 
general approaches to concept map building
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