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Editorial on the Research Topic
 Investigating complex phenomena: bridging between systems thinking and modeling in science education





1. Introduction

Complexity is all around us, from sub-atomic particles to distant galaxies. Modern technology and knowledge provide us with incredible abilities to investigate the complexity of systems of various kinds, such as human societies, biological ecosystems, chemical reactions, and physical interactions between energy and matter. In recent years, complexity has become prominent in most human local and global challenges, such as climate change, pandemic outbreaks, and sustainable energy sources. Understanding the complexity of phenomena is essential for scientific reasoning and sense-making, problem-solving in STEM, and technological tools development. Complexity pushes us beyond the dichotomic determinism of black-and-white classification and simple, straightforward solutions. It allows us to examine systems from different perspectives, explore alternative explanations, and keep an open mind while investigating phenomena—all of which lays at the heart of good critical thinking.

Certain key competencies are crucial for engaging constructively and responsibly with today's complexity challenges, including systems thinking and modeling. For instance, competency in systems thinking competency is suggested as one of the eight key competencies for sustainability (UNESCO, 2017). Most conceptualizations of systems thinking in science education encompass the ability of “system modeling” (e.g., Schuler et al., 2018; Mambrey et al., 2020), emphasizing the importance of modeling as a scientific practice for investigating and understanding complex phenomena (Passmore et al., 2017). Systems thinking and modeling are important competencies that provide students with essential tools when investigating complex phenomena and solving complex real-world problems. A recent literature review and bibliometric analysis reported a sharp increase in the number of studies about systems thinking in STEM education since 2016 (Bielik et al., 2023). However, most of the identified studies focused on higher education, while only a few focused on teachers or elementary students. There was also an increase in systems thinking studies, particularly on how the use of digital tools and modeling support system thinking competencies. This trend in studies about systems thinking and modeling in STEM education indicates a growing interest of the research community in these issues and the relevance of it for the complexity of today's challenges and problems.

Modeling is a key process of understanding complex phenomena as systems (Godfrey-Smith, 2006; Leonelli, 2007). Hence, it can be assumed that explicit knowledge about systems and system characteristics, such as metacognitive level awareness of how and why phenomena are conceptualized as systems, is beneficial for developing an initial system model and for deducing hypotheses related to specific structures or processes of the system (Verhoeff et al., 2008). Therefore, it can be further assumed that systems thinking and modeling are critical for science education in particular, and for STEM education in general when investigating complex phenomena. However, this mutually supportive relationship between systems thinking and modeling has not yet been deeply investigated in science education.

This Research Topic aims to advance current research focusing on bridging systems thinking and modeling when investigating complex phenomena in science education. It includes a set of studies that provide science education researchers, practitioners, and decision-makers with in-depth analyses and insightful findings that can promote our understanding of how to improve teaching and learning about complex phenomena and how to support students' systems thinking and modeling when engaging with complex phenomena in their science classrooms.



2. Theoretical background


2.1. Systems thinking in science education

In science education, systems thinking is generally defined as an approach to understand, explain, and interpret complex and dynamic phenomena, a learning strategy that explicitly considers system characteristics to explain and predict natural phenomena (Verhoeff et al., 2018). Systems thinking can be defined as the ability to recognize, describe, and model a complex phenomenon in its structure, behavior, and function as a system, including the metacognitive awareness about systems and system characteristics (Verhoeff et al., 2008; Riess and Mischo, 2010). Systems thinking is widely acknowledged as an important goal in science education that is necessary for “developing coherent understanding of complex biological processes and phenomena” (Verhoeff et al., 2018, p. 1). Three generally agreed-upon central systems thinking skills are proposed in the literature: identifying system organization, analyzing system behavior, and system modeling (Ben-Zvi-Assaraf and Orion, 2010; Mehren et al., 2018; Schuler et al., 2018; Mambrey et al., 2020).

Recent studies suggest three effective strategies for fostering systems thinking skills: modeling, cross-level reasoning, and use of systems language. For example, Rachmatullah and Wiebe (2022) found that computational modeling significantly improved middle school students' understanding of food web concepts and systems thinking. Düsing et al. (2019) found that when students were presented with integrative cases, where all levels of organization are considered through matter and energy transfers, they developed their cross-level reasoning ability. According to Krist et al. (2019), thinking across levels allows students to explain and make predictions about phenomena, and implicitly support mechanistic reasoning. Other studies showed that exposure to systems language helps students deconstruct a phenomenon to its characteristics and support the discussion on how patterns emerge from the interactions among system components (Gilissen et al., 2021; Nguyen and Santagata, 2021; Momsen et al., 2022).



2.2. Models and modeling in science education

Models are defined as epistemic tools for investigating and making sense of phenomena (Knuuttila, 2011). The developed model has to be evaluated for internal consistency and adequate representation of what was observed (Frigg and Hartmann, 2017). The model should allow the modeler to deduce predictions about how the system should behave under certain conditions by mentally or materially manipulating the model (Giere et al., 2006). These predictions can be tested by conducting empirical investigations. If the predictions turn out to be false, it is likely that the model is not accurate and should be rejected or revised and retested in an iterative cyclic process (Göhner and Krell, 2020).

Modeling competency is the ability to engage in the process of developing and using models for reasoning in science (Nicolaou and Constantinou, 2014; Upmeier zu Belzen et al., 2019). Hence, modeling is mostly defined as a procedural and epistemological competency (Upmeier zu Belzen et al., 2019). There is a wide consensus that developing modeling competency is an important goal of science education (Passmore et al., 2014; Chiu and Lin, 2019). When achieving modeling competency, students are expected to understand scientific concepts better, develop an appreciation of the nature of science, and advance in their mastery of the scientific process (Gilbert and Justi, 2016). Modeling has been identified as a key competency for investigating complex phenomena and developing hypothetical explanations and reasoning abilities (Passmore et al., 2017; Zangori et al., 2017). However, most studies in science education propose that students and teachers struggle with understanding models as hypothetical entities and research tools but rather hold representational views on models (Krell and Krüger, 2016; Gouvea and Passmore, 2017). When engaging in modeling for reasoning, one major challenge is the need for prior experiences and conceptual understanding of the investigated phenomenon on which a model can be built (Ruppert et al., 2017; Göhner et al., 2022).



2.3. Bridging between systems thinking and modeling when investigating complex phenomena

Systems thinking is conceptualized as a specific form of knowledge organization that allows a coherent understanding of complex phenomena (Verhoeff et al., 2018), while modeling is seen as a procedural and epistemological competency (Upmeier zu Belzen et al., 2019). Passmore et al. (2017) emphasize that the essence of modeling is to figure out “the behavior of systems in the natural and designed world” (p. 113). Developing system models is important for achieving advanced systems thinking (Hung, 2008; Verhoeff et al., 2008; Gilissen et al., 2020). For example, Hung (2008) showed that digital system modeling supported university students' systems thinking. Generally, computer modeling is suggested to be a powerful tool to support systems thinking by highlighting the central components of a system, making systems mechanisms tangible, easily running simulations to examine possible emerging outcomes, and helping students to grasp complex relationships within a system (Damelin et al., 2017; Bielik et al., 2021; Nguyen and Santagata, 2021).

From a cognitive psychology perspective, systems thinking and modeling are connected by their shared reliance on the concept of mental models. Mental models are internal cognitive representations of ideas, events, objects, or systems, which humans draw upon when generating external representations. These mental models result from an internal modeling process that includes constructing new information upon existing knowledge to build a stable model (Johnson-Laird, 2004). Goldstone and Wilensky (2008) describe the connection between modeling and complex phenomena, noting that developing a model of a situation requires to ground the interpretation of its components and extract a general principle from the situation. For the model to work, the mechanisms through which system components interact must be modeled. Godfrey-Smith (2006) describes the strategy of modeling (in biology) as gaining an understanding of a complex real-world phenomenon through investigating a simpler, hypothetical system (i.e., a model) that resembles it in selected aspects.




3. The contributions to this Research Topic

Several contributions to this Research Topic focus primarily on systems thinking when exploring complex phenomena (e.g., Bielik et al.; Sabel et al.; Tamir et al.). For example, Tamir et al. explored high school students' conceptualization of complexity while designing, assembling, and testing a nanosatellite. Findings show that the broader the participants' involvement was, the greater the progress they experienced in their systems thinking. Participants who stayed focused on a single subsystem of the nanosatellite did not show progress, while participants who involved themselves with several subsystems exhibited a more meaningful progress. The challenge of a multidimensional lens in students' understanding of complex systems was also found by Sabel et al., who pointed to students' difficulty in considering both natural and societal aspects of systems. They investigated undergraduate students' engagement in systems thinking and modeling using causal maps, focusing on identifying the factors that undergraduate students prioritize when considering causal relationships within an ecosystem. Although humans and human-related factors were included in the assignment picture, few students included human-related causes and effects in their causal maps or in the answers to the questions following the causal maps.

Other contributions in this Research Topic focus mostly on students' reasoning with models when exploring complex phenomena (e.g., Eidin et al.; Engelschalt et al.; Ryan et al.). For instance, Ryan et al. explored how computational tools mediated middle school students' mechanistic reasoning. They report that, as students interacted with the computational tools, their mechanistic reasoning about their models increased in complexity. Eidin et al. also expand research in a similar vein, exploring how different kinds of computational modeling experiences support secondary students' development of complex causal reasoning structures. The authors suggest “a system dynamics approach has the potential to encourage a more complex causal scheme of the phenomenon which the static equilibrium model was unable to support” (Eidin et al., p. 16). Engelschalt et al. explored the role of abductive reasoning when undergraduate students modeled complex systems. Their study participants used components of abductive reasoning in constructing models of biological systems, but using those components did not necessarily lead to generating scientific explanations. The authors suggest that individual may need an “interplay between abductive reasoning and systems thinking skills such as cross-level reasoning” (Engelschalt et al., p. 13) in which individuals may need to develop both systems thinking skills and cross level reasoning to consider causal relationships across system time and space.

Using computational models when exploring complex phenomena was another aspect investigated in several contributions in this Research Topic (e.g., Eidin et al.; Langbeheim et al.). These studies provided students and teachers with opportunities to engage with different modeling tools such as NetLogo (Langbeheim et al.) and SageModeler (Eidin et al.). For example, Langbeheim et al. found that participatory computational simulation can support 9th grade students' explanations of crowd evacuation counterintuitive required behavior provided students having prior opportunity to engage with a participatory simulation in a different context.

Finally, several publications explored the connection between systems thinking and modeling when exploring complex phenomena (e.g., Ke et al.; Lankers et al.; Peretz et al.). For example, Peretz et al. investigated the effect of an interdisciplinary online course on the development of pre- and in-service science and engineering teachers' systems thinking and modeling competency. Based on the findings of their qualitative case study, the authors propose that teachers need scaffolding to gain systems-related ontological knowledge (e.g., understanding systems language) before being able to apply this knowledge—as previously suggested to foster competency development in science education in general (e.g., Krell et al., 2023). Miller and Yoon developed modeling units on biological concepts (e.g., gene regulation) for students. They investigated how students' understanding of biological models influenced their understanding of complex systems. A regression analysis proposed that growth in students' meta-modeling knowledge predicts growth in complex systems understanding. For instance, a better understanding of the purpose of models provided students “with strategies to interpret data generated from multiple runs and to develop explanations of the system” (Miller and Yoon, p. 13–14). Similarly, students developed more elaborate theories about the investigated phenomena when understanding the dynamic and changeable nature of models because this led to more model manipulations.



4. Summary

Systems thinking and modeling are two intertwined competencies that support students when investigating complex phenomena. On the one hand, modeling is a procedural and epistemological competency that allows to develop and evaluate systems (Passmore et al., 2017). It is significantly supported by a coherent understanding of the respective phenomenon (Ruppert et al., 2017). On the other hand, systems thinking is viewed as a content-related competency (Verhoeff et al., 2018), which encompasses the ability of system modeling (Mambrey et al., 2020). However, there is still much to be researched about how these two competencies are empirically interconnected and how they interact when engaging students and science teachers when investigating complex phenomena.

In Figure 1, we present a model for the system modeling process, as reflected in the literature and the contributions to this Research Topic. In this model, a system model is developed, evaluated, and revised to represent and make sense of selected relevant parts of the investigated complex phenomenon. The system model comprises of system characteristics (e.g., structures, processes, interactions, boundaries, and emergent states), represented by different shapes and arrows in Figure 1. This model demonstrates the connection between systems thinking and modeling when investigating complex phenomena.


[image: Figure 1]
FIGURE 1
 Idealized model of the cyclic and iterative system modeling process (based on Giere et al., 2006 and Göhner and Krell, 2020). A system model is developed, evaluated, and revised to represent selected relevant parts of the investigated complex phenomenon. The system model comprises of system characteristics (structures, processes, interactions, boundaries, and emergent states) represented by different shapes and arrows.


In summary, this Research Topic provides a collection of contributions focusing on modeling, systems thinking, and the connections between them when investigating complex phenomena. The contributions range from middle school to undergraduate students and pre- and in-service teachers, focusing on all science and engineering disciplines. We hope these contributions will further advance the understanding and promote the discussion among science education researchers, practitioners, and decision-makers regarding how to support teachers and students when engaging with complex phenomena.
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